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ABSTRACT 
Speciation, the evolution of morphologically, behaviorally and/or ecologically 
distinct lineages from a common ancestor, is the fundamental process generating 
biodiversity. The rapidly developing field of speciation genomics is challenging 
traditional views of speciation as a gradual, genome-wide process, and highlighting the 
role of divergent natural selection in the speciation process. This study investigates 
morphological evolution and the genomic architecture of speciation in a clade of 12 
“munias” in the genus Lonchura, one of the most extraordinary cases of recent and rapid 
diversification in birds. With a diversity of plumage patterns and replicate examples of 
closely related species living in sympatry, this group is ideally suited for addressing 
fundamental questions about the genomics of speciation. In this study, I (1) test for 
evidence of character displacement between sympatric species using quantitative 
measurements of plumage coloration and morphology; (2) examine the structure of 
genome-wide variation using ddRAD-seq (double-digest Restriction Site Associated 
DNA sequencing); and (3) investigate the genomic structure of divergence using whole-
genome sequencing. I find some evidence for character displacement, particularly in 
	   viii 
morphometrics and crown coloration. There is also a trend, however, for sympatric 
species to be more similar in coloration than allopatric species, particularly those that 
have come into contact more recently. Analysis of 7,043 ddRAD-seq loci reveals 
evidence of introgression among sympatric populations, with overall genomic variation 
corresponding more closely to geography than species identity. There is also substantial 
heterogeneity in genetic structure among mitochondrial, autosomal, and Z-linked 
markers. Finally, whole-genome sequencing reveals low overall genomic divergence 
while pinpointing “islands of differentiation” that exhibit elevated divergence between 
species. Two of these islands overlap genes known to be associated with coloration—
Agouti signaling protein (ASIP) and Kit ligand (KITLG)—and allelic variation at these 
genes is associated with phenotypic traits. I also find evidence of a ~26 million base pair 
inversion on the Z chromosome, which groups the focal species differently than genome-
wide variation. A strongly mosaic pattern of population structure among genomic regions 
supports a genic view of speciation, in which a small fraction of the genome is involved 
in the initial divergence of species. 
	   ix 
PREFACE 
Avian systems have played a major role in characterizing the patterns and 
processes underlying different aspects of speciation: hybrid zones and character 
displacement (Ficedula flycatchers; Saetre et al. 1997), adaptive radiation (Darwin’s 
finches and Hawaiian honeycreepers; Lerner et al. 2011, Schluter et al. 1985), ring 
species (greenish warblers; Irwin et al. 2001, 2005), and rapid speciation (Zosterops 
white-eyes, Dendroica warblers; Lovette & Bermingham 1999, Moyle et al. 2009).  Of 
particular interest are the genomic underpinnings of divergence and speciation. With the 
advent of new sequencing technologies, it is becoming increasingly feasible to obtain 
genomic data in non-model organisms. Whole-genome sequencing has already been 
employed in Darwin’s finches (Lamichhaney et al. 2015) and Ficedula flycatchers 
(Ellegren et al. 2012) to examine the genomic structure underlying divergence with gene 
flow and pinpoint regions of the genome potentially under selection.  
 Rapid avian radiations such as those described above present a number of 
opportunities for examining the genomic structure of speciation. Recently-evolved taxa 
will not have had time to accumulate much neutral variation in their genomes, so regions 
that are differentiated will likely represent targets of selection, particularly if species have 
continued to exchange genes as they diverge (Feder et al. 2012, Keller et al. 2013, 
Lamichhaney et al. 2015, Martin et al. 2013). Insights gained from these examples can 
then be applied to other taxa. 
 A recent mitochondrial phylogeny of the finch family Estrildidae reveals an 
extraordinary and previously unrecognized example of rapid radiation in the genus 
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Lonchura (Sorenson et al. in prep.). Comprising roughly 28 species ranging from 
Southeast Asia to Papua New Guinea and Australia, this genus includes a clade of twelve 
closely related species with a center of distribution in New Guinea (Figure A.1). Average 
sequence divergence across the basal node of this clade is only 1.2% for the 
mitochondrial ND2 gene. Many other well known radiations exceed Lonchura in number 
of species, but are the result of more ancient periods of rapid diversification (e.g., Lovette 
& Bermingham 1999, Moyle et al. 2009) and/or gradual cladogenesis through time (e.g. 
Sedano & Burns 2010, Voelker et al. 2007). A literature review of the most speciose 
avian genera reveals only a few potentially comparable examples of both recent and rapid 
radiation (Table A.1). Of these, only the Lonchura munias and southern seedeaters 
(genus Sporophila; Campagna et al. 2010, 2011) have evolved varied and distinctly 
different plumages. The munias are also extraordinary for the extent of sympatry 
observed between closely related forms. Avian sister taxa are generally allopatric 
(Barraclough & Vogler 2000, Voelker 1999, Zink et al. 2000), but in Lonchura, ten of the 
twelve recently evolved species occur in sympatry with at least one other species in the 
same clade (Figure i.1), fulfilling a classic criterion for “good biological species”—i.e., 
coexistence of distinct forms in sympatry. 
Species coexistence is generally thought to require the evolution of both 
reproductive isolation and divergence in ecological niche, thereby preventing competitive 
exclusion (Coyne & Orr 2004, Schluter 2000). Diversification of plumage color and 
pattern, which likely function in mate choice and species recognition (Price 2008 for 
review), has clearly been important in munia speciation, whereas ecological divergence is 
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less obvious. Bill size and shape is often correlated with feeding niche, particularly in 
seed-eating birds (Grant & Grant 1986, Nebel et al. 2005, Radford & Du Plessis 2003, 
Smith 1987, Smith & Temple 1982). Three Lonchura species have large bills (Restall 
1996), but sympatric munias can be observed feeding together on the same grasses. 
Putative hybrids have been reported (see below), and genetic incompatibilities are 
unlikely given their recent common ancestry (Price 2008, Price & Bouvier 2002; but see 
Pryke & Griffith 2009a,b). Given their recent diversification, phenotypic diversity, and 
replicate examples of sympatry, the Lonchura munias offer an exceptional opportunity 
for comparative genomic analysis. Aside from basic taxonomy, there has been essentially 
no research on the evolutionary biology of these species to date. 
Degree of Sympatry 
The Lonchura radiation is particularly unusual for the extent of sympatry 
observed among species. Sympatric species include castaneothorax and flaviprymna in 
Western Australia; castaneothorax, grandis, and caniceps in southeastern Papua New 
Guinea; castaneothorax, grandis, and spectabilis in northern Papua New Guinea; 
nevermanni and stygia in southwestern Papua New Guinea; spectabilis and melaena on 
the island of New Britain; and hunsteini, forbesi, and melaena on the island of New 
Ireland. The degree of actual geographic overlap within these regions is unclear in many 
cases, particularly at the edges of species ranges.  
Based on my observations, the extent to which species were actually found to 
interact with one another in the field varied, and can be divided into four categories: (1) 
complete overlap, with both species occurring together in mixed flocks (castaneothorax 
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and grandis in Madang Province); (2) near-complete overlap, where one species is more 
abundant and ubiquitous, sometimes found on its own (castaneothorax and flaviprymna 
in Western Australia, castaneothorax and caniceps in Central Province, castaneothorax 
and grandis in Milne Bay Province); (3) little overlap, where only a few individuals of 
one species are sighted in the same localities as another (nevermanni and stygia in 
Western Province, spectabilis and melaena on New Britain, grandis with castaneothorax 
and caniceps in Central Province); and (4) no overlap, where despite recorded range 
overlap, the two species were not observed in the same place (forbesi, melaena, and 
hunsteini on New Ireland, spectabilis with castaneothorax and grandis in Madang 
Province). Again, these classifications are based on my fieldwork in a relatively small 
number of localities, and may not be representative of all localities within the respective 
region or at all times of the year. In all population pairs that are presumably sympatric, 
range maps indicate substantial overlap between species (Figure A.1). It is likely that 
these species either overlapped in the recent past and/or currently overlap at other sites or 
other times of the year. 
Hybridization 
 There is relatively little observational evidence of natural hybridization among the 
focal species in the Lonchura radiation. The exception is castaneothorax and 
flaviprymna, which were found to hybridize extensively around Kununurra, Western 
Australia, in the 1960’s (Ford 1987, Immelmann 1962, 1965). Immelmann (1962, 1965) 
estimated that 10% of breeding pairs at one site in Western Australia were heterospecific, 
and that 60% of L. flaviprymna individuals displayed some L. castaneothorax plumage 
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markings. Putative hybrids were also collected in the Northern Territory in 1902 and 
1933 (Hartert 1905, Immelmann 1965). However, there appears to have been a decline in 
the rate of hybridization in this region. A netting study completed in 2000 discovered a 
single hybrid individual among 72 captured flaviprymna; four more had dark markings 
suggestive of introgression (M. Todd, personal communication). In 2010, I netted over 50 
castaneothorax and 50 flaviprymna and found no obvious hybrids. A single flavipryma 
individual had one or two chestnut feathers on its breast; this bird is included in this study 
(KFS027). 
 In Papua New Guinea, there is less evidence for hybridization. Tolhurst (1987) 
observed a possible grandis x castaneothorax hybrid in a mixed flock of caniceps and 
castaneothorax near Port Moresby in Central Province, PNG. Tolhurst’s bird had a black 
head and breast with a white belly; I collected a bird (KFS109) matching this description 
at the same locality in 2011, also in a flock of caniceps. Intriguingly, while 
castaneothorax could be found nearby, I did not observe grandis in the area. I also saw 
two potential hybrids of similar appearance in Madang Province, near Alexishafen, one 
of which I photographed. These individuals were in a mixed flock of grandis and 
castaneothorax. 
 There are also reports of four potential castaneothorax x caniceps hybrids in the 
National Capital District, all from the same source, but with no physical evidence or 
photographs (Peckover and Filewood 1976). Similarly, there is a single record of a 
nevermanni x stygia hybrid in Western Province (Mees 1982, but see Restall 1996). 
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Finally, there is a single specimen identified as a possible stygia x caniceps hybrid in the 
Leiden Museum (Mees 1982), but this is disputed (Restall 1996). 
 Though hybridization in this system appears to be infrequent, it may nonetheless 
be biologically significant. In theory, a low level of gene flow is sufficient to impede 
divergence at neutral loci—as little as one migrant per generation (Speith 1974, Slatkin 
1987). Additionally, field observations and specimens of many of these species are 
sparse, so there may be a higher frequency of hybridization than is currently documented. 
 In this study, I (1) test for evidence of character displacement in the Lonchura 
radiation using quantitative measurements of plumage color and morphology; (2) 
examine genome-wide patterns of variation using double-digest RAD-seq loci; and (3) 
investigate the genomic structure of speciation in this group using whole-genome 
sequencing. I hypothesize that co-occurrence in sympatry has led to character 
displacement in plumage color and morphology. Competition for resources between these 
closely-related species may have resulted in ecological character displacement of traits 
such as bill size and shape. Additionally, secondary contact may have resulted in 
reproductive character displacement of sexually selected traits. If introgression between 
sympatric populations has occurred, I expect to see a pattern of increased morphological 
differentiation but decreased genome-wide differentiation among sympatric populations 
of different species. In contrast, regions of the genome that underlie traits under selection 
will remain differentiated. Further, I predict that the history of genetic variants at these 
loci will be uncoupled from genome-wide patterns of neutral genetic variation, testing 
three alternative hypotheses for the origin of these genetic variants: (a) accumulation of 
	   xv 
novel alleles at unique sets of loci in each species, (b) accumulation of novel alleles at a 
small subset of loci, and (c) transfer of genetic variants (alleles) between species by 
introgressive hybridization. 	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CHAPTER ONE: Evidence for character displacement in Lonchura munias 
 
INTRODUCTION 
Rapid radiations have been a valuable source of evolutionary insight since Darwin 
first proposed the theory of natural selection (Darwin 1859, Seehausen 2004, Rundell & 
Price 2009, Schluter 2000). Multiple speciation events that have occurred rapidly in 
closely-related taxa allow for a comparative approach to identify genomic and geographic 
patterns common to the speciation process. Several rapid radiations have become model 
systems for the study of speciation and natural selection, including African cichlids 
(Seehausen 2006), Darwin’s finches (Grant & Grant 2002), the Hawaiian silversword 
alliance (Baldwin & Sanderson 1998), and Anolis lizards (Losos et al. 1998), all of which 
have provided important insights into the process of speciation. 
 One of the underlying causes of adaptive radiation is competition for resources. If 
two ecologically similar species co-occur, selection will favor divergence in traits that 
allow them to exploit different resources. This leads to a pattern termed ecological 
character displacement, in which the two species are more different from one another in 
sympatry than allopatric populations of the same species (Brown and Wilson 1956). This 
idea was first developed by Lack (1947) in his study of Darwin’s finches in the 
Galapagos. Since then, character displacement in Darwin’s finches been extensively 
studied (Schluter & Grant 1984, Schluter et al. 1985, Grant & Grant 2006, Hendry et al. 
2009), and evidence for ecological character displacement has been found in many other 
examples of adaptive radiation, including sticklebacks (Schluter & McPhail 1992; 
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Schluter 1994), Anolis lizards (Schoener 1970, Losos 1990, Losos et al. 1998), and 
Plethodon salamanders (Adams & Rohlf 2000, Adams 2004). 
When populations continue to exchange genes in areas of sympatry, divergent 
selection on ecological traits may drive the evolution of reproductive isolation, a process 
termed “ecological speciation” (Rundle & Nosil 2005). As parental forms become more 
divergent, hybrids will have reduced fitness, leading to selection favoring species-specific 
mate choice. This reduction in hybrid fitness is thought to be responsible for 
reinforcement, a pattern of stronger species-specific mating discrimination in areas of 
sympatry than in areas of allopatry due to reduced fitness of hybrids (Dobzhansky 1940). 
Reinforcement is facilitated if the trait under ecological selection also influences mate 
choice. In birds, for example, important traits related to feeding ecology, bill size and 
shape, are also involved in the production of song, an important character in both species 
recognition and mate selection (Podos 2001). In this way, bill size and shape may be 
viewed as “magic traits” (Gavrilets 2004, Servedio et al. 2011), which if subject to 
divergent selection, may result in both ecological and reproductive isolation (Ballentine 
2006, Podos 2001, Podos et al. 2004). 
This nexus of natural and sexual selection has been the focus of much recent 
study (van Doorn et al. 2006, Mann & Seehausen 2011, Wagner et al. 2012, Safran et al. 
2013). There is ample support that divergent ecological selection can drive speciation, but 
the role of sexual selection is more contentious. Generally, character displacement via 
sexual selection involves female preference for male secondary sexual traits. It is 
proposed that hybrids with intermediate traits have reduced fitness and cannot obtain 
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mates, thus driving the evolution of distinct species-specific sexual signals. One likely 
example of this is in Ficedula flycatchers (Saetre et al. 1997). Males of the usually black-
and-white pied flycatcher (F. hypoleuca) have evolved a brown-plumage in areas of 
overlap with the black-and-white collared flycatcher (F. albicollis). Moreover, Collared 
Flycatchers in the region of sympatry exhibit a larger white collar and forehead patch 
than they do in allopatry. Female choice experiments show that while females choose 
conspecific mates when presented with males of both species in their sympatric plumage 
morphs, they frequently choose males of the wrong species when presented with the 
allopatric male morphs. This supports the hypothesis that divergence in phenotypes 
evolved to increase species-specific mating as a consequence of selection against hybrids. 
 The Lonchura radiation of Australia and New Guinea (see Preface) offers an 
intriguing example for the study of character displacement via natural and/or sexual 
selection. Of the 12 species in the radiation, ten broadly overlap with one or two other 
species, with available evidence suggesting infrequent hybridization. This is an unusual 
pattern for a recent radiation, as it implies that reproductive isolation and ecological 
differentiation evolved extremely rapidly in this group. Though current hybridization 
appears infrequent in the wild, genomic evidence suggests that many sympatric Lonchura 
species have experienced substantial genome-wide introgression in the past (see Chapters 
2 & 3). Broad range overlap is an important condition for reinforcement (Price 2008); 
thus natural and/or sexual selection against hybrids may help to explain phenotypic 
diversity and divergence in the Lonchura radiation. 
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 There is currently little available data on mate preferences or mating behavior in 
wild populations of Lonchura. Similarly, not much is known about their feeding ecology. 
Within the radiation, there are three obviously “large-billed” species (L. grandis, L. 
forbesi, and L. melaena) and nine “small-billed” species, which suggests specialization 
on different food sources. None of the large-billed species occur sympatrically, each 
instead co-occurring with one or two of the small-billed forms. This suggests that either 
large-billed species competitively exclude each other, or that bill size has been influenced 
by ecological character displacement. 
 Besides differences in bill size, the most obvious phenotypic variation among 
species in the Lonchura radiation is in coloration (Figure A.1). Color differences occur 
not only among heterospecific populations, but also among allopatric populations of the 
same species. It is possible that these differences are driven by divergent natural or sexual 
selection influenced by sympatric species. 
 In this chapter, I test the hypothesis that character displacement has played a role 
in the rapid diversification of the Lonchura munias in Australia and Papua New Guinea 
using quantitative measurements of morphology and coloration. If selection leading to 
character displacement has been important in the diversification of Lonchura species, I 
predict that sympatric populations will be more different from each other in color and 
morphology than allopatric populations. 
In addition to testing for overall patterns of character displacement in the 
radiation, I also examine recent phenotypic change in Lonchura melaena. This species 
recently colonized the island of New Ireland, where L. forbesi is endemic (Gregory 
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2007), providing a natural experiment to test the hypothesis that plumage and 
morphology have been subject to ecological character displacement in this group. 
Lonchura melaena co-occurs with L. spectabilis on the island of New Britain. In 1981, a 
new subspecies of melaena, L. m. bukaensis, was described on the island of Buka, off the 
coast of Bougainville (Hadden 1981, Restall 1995). The darker plumage of bukaensis, 
including a buffy, pinkish belly, more extensive black on its underparts, darker 
upperparts, and a dark red tail, made it distinct from nominate melaena (Restall 1995). 
Based on only two specimens, Restall (1995) recorded the culmen length of bukaensis as 
12-13 mm and the wing chord length as 54 mm, suggesting that this population 
maintained the larger body and bill size of nominate melaena. Less than 15 years later, 
bukaensis disappeared from Buka (Dutson 2011, Gregory 2007). However, in 1998, 
individuals of L. melaena resembling bukaensis were observed on New Ireland, which 
lies between New Britain and Buka and is already inhabited by the small-billed L. 
hunsteini and the large-billed forbesi (Gregory 2007). This is the only instance of two of 
the large-billed Lonchura species co-occurring, and presents an opportunity to examine 
the effects of sympatry on two phenotypically similar Lonchura species. I hypothesize 
that selective pressure resulting from competition with forbesi has resulted in a reduction 
in bill and body size in melaena on New Ireland. 
 
METHODS 
Sampling 
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 Samples were collected in Australia and Papua New Guinea (PNG) from 2010-
2012 from every region where two or more species in the Lonchura clade co-occur: this 
includes Milne Bay, Madang, Central, East New Britain, West New Britain, New Ireland, 
and Western Provinces in PNG; and Western Australia (Table 1.1). Birds were caught 
using mist nets. Twenty birds from each species were collected from each locality and 
euthanized prior to preparation as museum skins. The two exceptions were L. spectabilis 
from Madang (16 birds) and L. melaena from New Ireland (4 birds). A potential hybrid 
of castaneothorax and grandis was collected in Central Province, yielding a total of 301 
specimens and tissue samples. All but three of these birds were adults. Tissue samples 
were taken from pectoral muscle and stored in DMSO buffer. Blood samples were 
preserved on FTA cards (Whatman, Maidstone, UK). I recorded mass, bill length, wing 
chord length, tarsus length, and tail length in the field. Up to 30 additional birds from 
each population were caught and released after a blood sample, a feather sample, 
morphological measurements, and photographs were taken (322 birds, for a total of 623 
birds sampled in the field). 
Quantitative measurement of coloration 
Quantitative measurements of coloration were taken on all adult specimens (298 
birds) using an Ocean Optics USB4000 Spectrometer with a pulsed xenon light source 
and SpectraSuite software v.1.0 (Ocean Optics, Dunedin, FL). Settings were: scans to 
average = 10; boxcar width = 10; integration time = 100 ms. The spectrophotometer 
probe was fitted with a black casing to block out ambient light and standardize the 
distance between the probe and the plumage being measured. Measurements were taken 
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with the probe held at a 90° angle to the more or less flat surface of the plumage. I 
measured seven body regions in each bird: breast, belly, throat, cheek, crown, back, and 
tail. These comprise all of the body regions that clearly differ among the 10 species 
except the flank, which is mottled or lined in several species, making coloration difficult 
to quantify. Five replicate measurements were taken for each body region.  
 I used the program pavo (Maia et al. 2013) to average replicates and analyze 
coloration. Raw spectral data were converted to values representing positions in the avian 
tetrahedral color space (Stoddard & Prum 2008), as well as the classic color variables of 
hue, chroma, and brightness (Endler 1990). I calculated color distance between 
populations in two different ways. First, using the tetrahedral color space model, I used 
pavo to calculate Euclidian distances of relative cone stimulation data for each body 
region (Stoddard & Prum 2008). These distances were summed to obtain a measure of 
overall color distance between populations. I also used pavo to weight the photon catch 
data by the Weber fraction of the cones (Vorobyev & Osorio 1998). The Weber fraction 
represents a noise-to-signal ratio, and including it allows for distances to be calculated in 
units of Just Noticeable Differences (JNDs). Unlike color distance calculated under the 
tetrahedral color space model, calculating distance in JNDs requires knowledge of the 
proportion of different cone types in the retina, which can vary among species (Hart 
2001). However, as this has only been quantified in a small number of species, I 
employed an average avian visual model (Hart 2001, Endler & Mielke 2005) in pavo and 
assumed standard daylight illumination. A JND of less than one indicates that two colors 
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are basically indistinguishable. The higher the JND values, the easier two colors are to 
distinguish, even under difficult ambient light conditions (Siddiqi et al. 2004). 
Population-level comparisons were put into one of three categories: conspecific, 
allopatric, or sympatric. Conspecific comparisons are between allopatric populations of 
the same species. For distances measured in JNDs, this category was split into within- 
and between-population comparisons. Sympatric comparisons are between heterospecific 
populations that occur together in the same region. In roughly half of these comparisons, 
the two species were sighted in flocks together and collected from the same localities; in 
the remaining comparisons, the two species occurred near one another but were not seen 
at the same site during my fieldwork. The greatest distance between sampling localities 
of two populations that were classified as sympatric is ~272 km between the collection 
locality for L. melaena in West New Britain Province and L. spectabilis in East New 
Britain Province. However, individuals of spectabilis were observed in melaena flocks in 
West New Britain, and there are no significant geographic barriers separating the two 
sites. Finally, allopatric comparisons are between heterospecific populations that are 
geographically separated. The shortest distance between two allopatric populations is ~78 
km across St. George’s Channel, which separates the islands of New Britain and New 
Ireland, and is presumably a significant barrier to dispersal. Mean color distances for all 
population comparison categories were compared using Analysis of Variance (ANOVA) 
with Tukey HSD post-hoc tests. To more directly address the question of character 
displacement, species with multiple populations were compared in both sympatry and 
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allopatry with other populations to determine whether plumage color differences were 
significantly increased in sympatry. 
Morphological measurements 
 Bill length, bill width, bill depth, and wing chord length were measured in 298 
dried museum specimens of adult birds to ensure repeatability and allow for comparison 
with other existing specimens. Bill length was measured as the distance from the tip of 
the maxilla to the anterior edge of the nares. Bill depth and bill width were measured at 
the nares. Unflattened wing chord length was taken on the right wing using a wing ruler. 
Mass was recorded in the field using a spring balance immediately after birds were 
euthanized. 
Birds were sexed based on gonads. Measurements from males and females were 
compared for each population using t-tests to confirm that all populations are sexually 
monomorphic. ANOVAs were run on each trait in R to compare morphology among 
populations. A Principal Components Analysis (PCA) was also conducted to reduce the 
number of variables and examine overall morphological similarity. To obtain an overall 
measure of bill size, a PCA was also run on the three bill measurements. The first 
principal component explained 97.2% of the variance in the dataset, and was used to 
represent overall bill size. Mean mass, wing chord length, and bill size were compared in 
all populations using Analysis of Variance (ANOVA) with Tukey HSD post-hoc tests. 
For the comparison of morphology between the two populations of L. melaena, 
measurements taken on live or just euthanized birds in the field were used in lieu of 
measurements of dried specimens to increase sample size. Juvenile birds were identified 
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based on plumage. Both juvenile and adult birds were included for L. melaena from New 
Ireland, as there was no significant difference between juveniles and adults in mass (t-
test; p=0.393) or bill length (t-test; p=0.0530). 
 
RESULTS 
Coloration 
 Coloration in Lonchura munias is highly variable (Table 1.1; Figure 1.1). 
Conspecific population comparisons exhibit significantly lower mean overall tetrahedral 
color distances (n=10, mean = 0.4167 ± 0.0366 SE) than heterospecific sympatric (n=11, 
mean = 0.8926  ± 0.0644 SE) or allopatric (n = 115, mean = 0.9060  ± 0.0265 SE) 
populations (ANOVA, p < 0.0001) (Table 1.2). However, there is no significant 
difference in average color distance between heterospecific sympatric and allopatric 
populations (Figure 1.2). 
 The result is similar when distances are calculated in JNDs. Chromatic differences 
are significantly greater in allopatric populations of different species (mean = 53.26 ± 
1.43 SE) than they are either within (n=17, mean = 24.95 ± 2.97 SE) or between (mean = 
34.32 ± 3.24 SE) conspecific populations (ANOVA; p<0.0001) (Table 1.3; Figure 1.3a). 
They are also significantly greater in sympatric comparisons of different species (mean = 
50.37 ± 3.80 SE) than they are within conspecific populations. However, mean color 
distance among sympatric heterospecific populations is not significantly greater than that 
among allopatric conspecific comparisons (Tukey’s HSD test; p=0.0603). Achromatic 
JNDs in allopatric (mean = 173.23 ± 5.31 SE) and sympatric (mean = 165.42 ± 12.34 SE) 
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heterospecific comparisons are significantly greater than in both within-population (mean 
= 53.17 ± 4.72 SE) and between-population (mean = 71.62 ± 6.00 SE) conspecific 
comparisons (ANOVA; p<0.0001) (Table 1.4; Figure 1.3b). 
 When pairs of populations in sympatry and allopatry are compared, there are 
more examples in which differences in coloration are significantly decreased in sympatry 
rather than increased (Tables 1.5 & 1.6). This is particularly true in the comparison of 
castaneothorax in sympatry and allopatry with flaviprymna and in the comparison of 
melaena in sympatry and allopatry with forbesi and hunsteini (see below). Lonchura 
spectabilis is the only species that appears to show significantly greater differences in 
sympatry more often than in allopatry for both chromatic and achromatic JNDs (Figure 
1.4).  Lonchura castaneothorax has greater achromatic differences slightly more often in 
sympatry. Of the seven plumage regions, crown coloration is the only one that is 
consistently more likely to be different between sympatric populations (Figure 1.5). Belly 
coloration is almost always more different between spectabilis and sympatric 
populations. 
Morphometrics 
The 10 Lonchura species are largely sexually monomorphic in morphology. T-
tests on measurements taken in males and females within each population reveal 
significant differences in only 11 cases: bill length in castaneothorax from Central 
Province, flaviprymna, forbesi, hunsteini from New Hanover, spectabilis from New 
Britain, and stygia; bill depth in castaneothorax from Central and Madang Provinces, 
forbesi, and spectabilis from Madang Province; and bill width in castaneothorax from 
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Central Province. In all of these instances, males were larger than females. These 
populations were separated by sex in the ANOVAs run on these characters. 
The results of comparisons of bill size, mass, and wing chord length are largely 
concordant (Table 1.7). Bill size exhibits the most striking differences among sympatric 
populations (Figure 1.6), though mass and wing chord length also differ in many cases 
(Figures 1.7 and 1.8). There are two sympatric species pairs that are not significantly 
different at any of these characters: castaneothorax and flaviprymna in Western 
Australia, and nevermanni and stygia in the Trans-Fly region of PNG. These are also the 
only two regions where no large-billed species occur. 
 Similar percentages of sympatric and allopatric comparisons show significant 
differences in morphology (Table 1.8). As expected, conspecific comparisons have the 
lowest percentage of significantly different comparisons for all morphological traits. The 
first principal component of the PCA on morphology explains 78% of the variance in the 
dataset and has positive loadings for all variables. PC2 explains 16% and has the highest 
positive loading for wing chord length and negative loadings for bill measurements. The 
PCA shows significant overlap in morphology among populations, but does indicate 
significant separation between large-billed and small-billed species as well as separation 
by body size (Figure 1.9). 
Lonchura melaena on New Ireland 
The population of melaena that colonized New Ireland shows evidence of 
increased color similarity with the two other resident species, forbesi and hunsteini. Both 
chromatic and achromatic JNDs between melaena and forbesi or hunsteini are 
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significantly decreased in sympatry as compared to allopatry for almost every plumage 
character (the exceptions are increased differentiation in chromatic back coloration 
between melaena and forbesi and increased differentiation in belly coloration between 
melanea and hunsteini; no change in achromatic tail JNDs for either species; Tables 1.5 
& 1.6). 
Individuals of L. melaena measured on New Ireland in 2011 are significantly 
smaller than melaena from New Britain in both mass and bill length (t-tests; p<0.0001) 
(Figure 1.10). The mean mass and bill length of melaena on New Ireland are also 
significantly smaller than those of L. forbesi, with which it co-occurs (t-tests; p<0.0001), 
whereas melaena from New Britain are similar to forbesi in mass (t-test; p=0.406) and 
bill length (t-test; p=0.470) (Figure 1.11). New Ireland melaena also differs significantly 
from L. hunsteini, the third species that occurs on the island, in mass (t-test; p=0.012), but 
it is not significantly different in bill length (t-test; p=0.152) (Figure 1.11).  	  
DISCUSSION 
 I find mixed evidence for character displacement in the Lonchura radiation. When 
all comparisons are examined, differences in color and morphology in sympatric species 
pairs are not greater than differences between allopatric pairs. Allopatric populations, 
however, are also expected to diverge via genetic drift and/or selection. Thus, a better test 
for character displacement is to examine individual species pairs in sympatry and 
allopatry.  
In these comparisons, I find that plumage color differences are often decreased in 
sympatry, rather than increased as would be predicted by a model of character 
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displacement (Tables 1.5 & 1.6). This seems to be the result particularly for species pairs 
that have apparently come into contact more recently; for example, the total tetrahedral 
color distance between castaneothorax and flaviprymna in Western Australia is 0.7750, 
whereas allopatric populations of castaneothorax are more divergent from flaviprymna 
(0.9907, 0.9059, 1.0613). Similarly, New Ireland melaena is more similar to sympatric 
forbesi and hunsteini than they are to New Britain melaena (total tetrahedral color 
distance from forbesi: 0.8354 in allopatry vs. 0.5990 in sympatry; distance from 
hunsteini: 0.7232 in allopatry vs. 0.5580 in sympatry). Observations in Western Australia 
suggest a relatively high rate of hybridization between castaneothorax and flaviprymna 
50 years ago (Immelmann 1962, 1965), and melaena may have colonized New Ireland as 
little as 25 years ago (Gregory 2007). It may be that character displacement has not yet 
had time to occur in these instances, or that genetic exchange between species has 
counteracted it. Alternatively, elevated similarity between sympatric populations may be 
due to adaptation to local environmental conditions. 
 One trait that appears to be consistent with character displacement is crown 
coloration, which is more often divergent between sympatric populations than other 
characters. For example, castaneothorax has a grey hood across its range, but it varies in 
brightness. It is darkest in Central Province, where castaneothorax co-occurs with the 
pale-headed caniceps, and palest in Madang Province, where it co-occurs with black-
headed spectabilis and grandis. Similarly, hunsteini has a pale hood on New Ireland, 
where it co-occurs with black-headed forbesi and melaena, but loses its hood on the 
island of New Hanover, where it is the only Lonchura species. These observed 
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differences are supported by in significantly different chromatic and achromatic JNDs in 
all of these cases (Tables 1.5 & 1.6, Figure 1.5). This may indicate that crown coloration 
plays an important role in mate choice and/or species recognition in Lonchura.  
 Another possible instance of character displacement is belly color in spectabilis. 
This species has a buff-colored belly on mainland PNG, where it co-occurs with 
castaneothorax (white belly) and grandis (black belly), but it has a white belly on New 
Britain, where it co-occurs with the buffy-bellied melaena. Indeed, spectabilis belly color 
is significantly more divergent in sympatry than in allopatry in almost all cases (Tables 
1.5 & 1.6). 
 Bill size, which I hypothesized would show evidence of ecological character 
displacement based on the distributions of the three large-billed Lonchura species, shows 
no significant pattern when all sympatric and allopatric comparisons are examined. While 
conspecific populations usually have similarly-sized bills, both sympatric and allopatric 
heterospecific populations are significantly different in bill size in about 2/3 of 
comparisons (Table 1.6). Body size and wing chord length exhibit similar patterns. 
Sympatric populations differ significantly in all three of these characters in most 
comparisons, but allopatric populations do as well. It may be that evolution of these traits 
is constrained by the ecology of the birds, and there is only a small range of possible 
values. 
One potentially important trait that I was unable to measure quantitatively is bill 
color. While most of the Lonchura species have pale blue-grey bills, some have dark bills 
with a pale base to the mandible. All of the island populations have dark bills. The only 
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mainland PNG population with a dark bill is caniceps. As many of the island populations 
occur in sympatry, it does not appear that bill color has been subject to character 
displacement. 
 The PCA results suggest that the radiation can be divided into “large” (grandis, 
melaena, and forbesi) and “small” species (all others). While multiple small species may 
co-occur, there are no areas where two large species occur in sympatry. On New Ireland, 
where forbesi is endemic, the melaena population that has recently colonized the island 
has significantly smaller average bill length and mass than both melaena on New Britain, 
and forbesi on New Ireland (Figures 1.10 & 1.11). Melaena must have colonized New 
Ireland from either New Britain or, perhaps more likely given its morphology, from 
Buka. Both potential source populations are (or were) made up of large-billed birds, 
suggesting that melaena on New Ireland has experienced a rapid decrease in bill and 
body size. Whether this is due to competition with forbesi or to hybridization with the 
small-billed hunsteini (see Chapter 2) is unknown. Regardless, this example of rapid 
morphological change strongly suggests the involvement of natural and/or sexual 
selection. In-depth studies of the ecology and mating behavior of all of the Lonchura 
species are needed to further examine this phenomenon. 
 There are many potential pitfalls in this type of study, particularly in the analysis 
of coloration. Though we continue to learn more about avian color vision (e.g. 
Baumhardt et al. 2014, Ensminger & Fernandez-Juricic 2014, Knott et al. 2013, Odeen & 
Hastad 2013), it is difficult to know if the differences in color detected here accurately 
reflect differences that are relevant to birds when discriminating between conspecifics 
	   17 
and heterospecifics. There may also be other important features of coloration that were 
not measured here, such as contrast between plumage patches and differences in ambient 
light, which may affect perception of color differences and contrast (Endler & Thery 
1996, Heindl & Winkler 2003). 
Analysis of color differences in the Lonchura radiation is complicated by the 
geographic distribution of the various species in sympatry and allopatry. In other words, a 
given species is often sympatric with two or more other species in different parts of its 
distribution, such that the morphology of “allopatric” populations may be influenced by 
their interaction with a “third” species. There are only two species that overlap with 
others in the radiation while also occurring outside these regions of overlap: 
castaneothorax, which is the only member of the radiation to inhabit the eastern coast of 
Australia, and hunsteini, which has colonized the island of New Hanover, presumably 
from the larger island of New Ireland. There are no individuals of castaneothorax from 
eastern Australia in this study, but ten individuals of hunsteini from New Hanover are 
included. This population is slightly more similar in bill size to New Ireland melaena and 
forbesi than the hunsteini population that is sympatric with them on New Ireland, but this 
pattern does not hold up for mass or wing chord length (Table 1.5). 
Conclusions 
 The species of the Lonchura radiation may have experienced character 
displacement in crown coloration, body size, and bill size. In contrast, however, the data 
suggest that some populations may have become more similar in coloration in sympatry. 
This is particularly true of populations that have come into contact more recently. This 
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suggests either introgression between sympatric populations or convergent evolution in 
response to local environmental conditions. Further study on the behavior of these 
species in the wild is needed to determine the significance of these patterns. A study of 
feeding ecology would allow for the assessment of ecological competition between 
sympatric species. Experimental tests of mate preferences could elucidate what 
phenotypic characters are important in mate choice. Finally, an in-depth genetic analysis 
of the phylogeographic history of this group would provide valuable insight into the 
patterns and timing of speciation events (see Chapter 2). 	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TABLES AND FIGURES 
Table 1.1. Color summary statistics averaged by population for each body region 
measured. Hue, chroma, and brightness were calculated according to Endler (1990). The 
remaining variables correspond to the relative stimulation of the four avian cone types: 
ultraviolet (U), short wavelength (S), middle wavelength (M), and long wavelength (L). 
 Hue Chroma Brightness U S M L 
caniceps – Central 
breast 691.80 1.4513 6.5593 0.1537 0.2140 0.2883 0.3439 
belly 691.40 1.2184 3.0370 0.1974 0.2151 0.2669 0.3206 
throat 691.70 1.4390 9.0013 0.1509 0.2208 0.2907 0.3376 
cheek 697.65 1.3579 12.1005 0.1462 0.2294 0.2952 0.3292 
crown 696.65 1.3721 12.2952 0.1464 0.2267 0.2946 0.3323 
back 691.95 1.4710 3.7964 0.1768 0.1968 0.2714 0.3550 
tail 699.55 2.3924 7.5143 0.0911 0.1352 0.2916 0.4821 
castaneothorax – Central 
breast 700.00 1.9074 15.0263 0.1113 0.1871 0.2950 0.4066 
belly 666.55 1.1327 45.4943 0.1563 0.2528 0.2912 0.2998 
throat 646.40 1.1615 1.1648 0.2265 0.2430 0.2607 0.2698 
cheek 622.40 1.0428 1.2151 0.2098 0.2518 0.2728 0.2656 
crown 675.25 0.9949 2.2620 0.1907 0.2378 0.2787 0.2928 
back 700.00 1.7354 6.9171 0.1408 0.1978 0.2838 0.3776 
tail 700.00 2.4895 7.9906 0.0687 0.1311 0.3048 0.4954 
castaneothorax – Madang 
breast 700.00 1.9479 14.7064 0.1063 0.1860 0.2966 0.4111 
belly 686.60 1.2326 39.8169 0.1320 0.2502 0.3021 0.3157 
throat 664.65 0.8648 1.3426 0.2320 0.2367 0.2504 0.2809 
cheek 634.70 0.8760 1.1022 0.2078 0.2551 0.2703 0.2667 
crown 700.00 1.3979 14.4141 0.1281 0.2366 0.2025 0.3318 
back 700.00 2.1065 7.9442 0.1207 0.1813 0.2838 0.4142 
tail 700.00 2.4889 5.9718 0.1200 0.1547 0.2632 0.4620 
castaneothorax – Milne Bay 
breast 699.75 1.9932 13.0542 0.1046 0.1777 0.2965 0.4212 
belly 677.80 1.1616 42.8122 0.1457 0.2529 0.2952 0.3061 
throat 492.20 1.3097 1.2269 0.3018 0.2220 0.2381 0.2381 
cheek 450.95 3.0360 0.7655 0.3199 0.2456 0.2732 0.1613 
crown 694.55 09917 3.0189 0.1974 0.2248 0.2765 0.3013 
back 699.00 1.8201 6.7334 0.1388 0.1848 0.2826 0.3938 
tail 700.00 2.3674 9.1940 0.0617 0.1301 0.3188 0.4894 
castaneothorax – Western Australia 
breast 700.00 2.1807 12.5190 0.0937 0.1692 0.2973 0.4372 
belly 698.53 1.3153 35.7593 0.1179 0.2410 0.3085 0.3326 
throat 691.16 1.3072 1.3414 0.2254 0.2128 0.2479 0.3139 
cheek 690.00 1.4054 1.2848 0.1901 0.2190 0.2704 0.3205 
crown 693.00 1.3814 5.1115 0.1418 0.2188 0.2972 0.3422 
back 699.90 1.8255 6.6863 0.1391 0.1905 0.2799 0.3905 
tail 700.00 2.4815 8.5934 0.0528 0.1273 0.3190 0.5009 
flaviprymna – Western Australia 
breast 700.00 1.9869 19.8719 0.0765 0.1772 0.3179 0.4284 
belly 700.00 1.6263 29.8625 0.0925 0.2094 0.3180 0.3800 
throat 695.47 1.4820 20.1190 0.1092 0.2152 0.3123 0.3632 
	   20 
cheek 697.41 1.4298 14.0157 0.1036 0.2265 0.3187 0.3511 
crown 699.95 1.5121 10.8247 0.1189 0.2216 0.3070 0.3525 
back 699.37 1.8387 5.6145 0.1387 0.1902 0.2799 0.3912 
tail 700.00 2.3673 10.7792 0.0419 0.1380 0.3315 0.4885 
forbesi – New Ireland  
breast 700.00 2.1548 12.3719 0.0965 0.1690 0.2973 0.4372 
belly 700.00 2.1751 11.6103 0.0988 0.1598 0.2942 0.4472 
throat 693.75 1.0090 1.7694 0.2583 0.2249 0.2356 0.2812 
cheek 670.70 1.0389 1.7246 0.2426 0.2320 0.2503 0.2751 
crown 660.40 0.7591 2.1238 0.2440 0.2345 0.2518 0.2698 
back 699.00 2.1698 5.3002 0.1368 0.1721 0.2717 0.2194 
tail 700.00 2.5634 8.4858 0.0881 0.1246 0.2871 0.5002 
grandis – Madang 
breast 619.40 0.9411 1.3927 0.2155 0.2600 0.2736 0.2509 
belly 690.05 0.9314 1.9411 0.2094 0.2407 0.2686 0.2813 
throat 640.20 1.5696 1.0479 0.2121 0.2606 0.2765 0.2507 
cheek 628.95 0.6841 1.2359 0.2902 0.1586 0.1736 0.3775 
crown 623.20 1.3260 1.3286 0.2108 0.2626 0.2780 0.2486 
back 700.00 2.8901 6.9369 0.0883 0.1354 0.2747 0.5017 
tail 700.00 2.6506 9.4416 0.0689 0.1190 0.2962 0.5159 
grandis – Milne Bay 
breast 485.05 1.4375 1.5462 0.3280 0.2516 0.2181 0.2023 
belly 465.63 0.8960 1.8078 0.2979 0.2418 0.2259 0.2344 
throat 465.16 15.3599 0.9650 0.5655 0.2829 0.1295 0.0221 
cheek 427.58 7.8805 0.9761 0.3685 0.2394 0.1981 0.2861 
crown 484.63 0.1667 1.4636 0.2465 0.2129 0.2377 0.3029 
back 699.53 2.4936 7.0589 0.1141 0.1436 0.2702 0.4721 
tail 699.00 2.5843 7.5070 0.0921 0.1186 0.2822 0.5071 
hunsteini – New Hanover 
breast 652.90 0.8675 1.9494 0.2096 0.2444 0.2730 0.2730 
belly 656.50 0.7713 1.8960 0.2171 0.2407 0.2664 0.2759 
throat 691.10 0.8344 1.9494 0.2166 0.2356 0.2625 0.2853 
cheek 674.10 0.8226 2.2852 0.2066 0.2401 0.2717 0.2815 
crown 653.90 0.7665 2.2768 0.2153 0.2409 0.2667 0.2770 
back 669.70 0.8490 2.0421 0.2208 0.2369 0.2603 0.2820 
tail 699.40 2.7942 6.1792 0.0857 0.1253 0.2772 0.5118 
hunsteini – New Ireland 
breast 658.00 0.7425 2.0818 0.2062 0.2453 0.2736 0.2749 
belly 675.20 0.7268 2.5240 0.2078 0.2442 0.2715 0.2765 
throat 656.10 0.8984 2.0351 0.2021 0.2382 0.2732 0.2864 
cheek 626.00 0.8731 5.7601 0.1824 0.2464 0.2851 0.2861 
crown 643.00 1.0262 9.5641 0.1673 0.2481 0.2894 0.2952 
back 689.50 0.8378 2.4775 0.2140 0.2359 0.2643 0.2858 
tail 699.60 2.3013 7.0635 0.1248 0.1565 0.2678 0.4508 
melaena – New Britain 
breast 581.80 2.1938 1.0218 0.1117 0.2788 0.3360 0.2734 
belly 698.95 1.7216 19.6090 0.0820 0.2039 0.3223 0.3918 
throat 581.05 1.2848 0.6012 0.2350 0.2253 0.2364 0.3033 
cheek 581.00 4.6349 0.6309 -0.1879 0.3775 0.5301 0.2804 
crown 578.30 3.5596 0.9292 0.0548 0.3030 0.3753 0.2669 
back 699.05 1.6669 1.4973 0.1387 0.2326 0.3017 0.3280 
tail 700.00 2.8271 6.8423 0.0474 0.1168 0.3104 0.5255 
melaena – New Ireland 
	   21 
breast 610.25 1.0188 1.9832 0.1736 0.2502 0.2920 0.2843 
belly 700.00 1.9489 17.1649 0.0885 0.1786 0.3102 0.4228 
throat 653.75 0.9623 1.9294 0.1808 0.2386 0.2829 0.2977 
cheek 611.00 1.2646 1.1895 0.1650 0.2582 0.2996 0.2773 
crown 610.25 1.2089 1.6903 0.1656 0.2528 0.2976 0.2840 
back 695.25 1.0954 2.0581 0.1811 0.2335 0.2790 0.3064 
tail 700.00 2.2457 6.7281 0.1069 0.1597 0.2878 0.4456 
nevermanni - Western 
breast 700.00 2.4906 10.9315 0.0680 0.1487 0.3074 0.4759 
belly 699.95 2.4721 11.5113 0.0729 0.1496 0.3045 0.4730 
throat 694.55 1.2838 2.1215 0.1816 0.2277 0.2758 0.3150 
cheek 657.15 1.2994 10.4591 0.1198 0.2434 0.3130 0.3238 
crown 699.95 1.3581 15.7284 0.1203 0.2412 0.3091 0.3294 
back 699.55 1.4621 5.8815 0.1385 0.2120 0.2977 0.3519 
tail 700.00 2.4245 8.9684 0.0479 0.1325 0.3308 0.4888 
spectabilis – Madang 
breast 700.00 1.5928 22.6154 0.0954 0.2097 0.3192 0.3757 
belly 700.00 1.7057 23.1093 0.0902 0.1970 0.3199 0.3929 
throat 594.50 0.9307 0.9798 0.2340 0.2681 0.2715 0.2321 
cheek 508.63 2.7115 0.5179 0.1844 0.3225 0.3264 0.1667 
crown 497.81 1.4070 0.9453 0.2094 0.2938 0.2909 0.2059 
back 700.00 2.0320 5.9178 0.1103 0.1864 0.2972 0.4062 
tail 700.00 2.4129 7.3354 0.0530 0.1354 0.3249 0.4867 
spectabilis – New Britain 
breast 692.10 1.3461 30.2845 0.1181 0.2377 0.3084 0.3358 
belly 692.40 1.4186 33.8110 0.1081 0.2264 0.3132 0.3523 
throat 686.75 1.0045 1.6851 0.2037 0.2348 0.2715 0.2900 
cheek 662.30 1.0915 1.3716 0.1870 0.2462 0.2861 0.2807 
crown 681.65 0.9838 1.9450 0.1910 0.2439 0.2807 0.2844 
back 697.20 1.7251 3.9641 0.1450 0.1967 0.2823 0.3759 
tail 700.00 2.5145 8.8765 0.0736 0.1344 0.3005 0.4915 
stygia - Western 
breast 673.65 0.9053 1.5350 0.2457 0.2299 0.2514 0.2731 
belly 692.45 0.8500 2.1762 0.2316 0.2281 0.2562 0.2841 
throat 690.75 0.8987 1.6517 0.2407 0.2252 0.2510 0.2832 
cheek 674.55 0.8642 1.4026 0.2586 0.2297 0.2446 0.2670 
crown 690.65 0.9889 1.6517 0.2376 0.2243 0.2533 0.2847 
back 692.90 0.9723 2.6223 0.2195 0.2199 0.2586 0.3021 
tail 699.10 2.0273 9.6130 0.0529 0.1465 0.3443 0.4563 
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Table 1.2. Summed tetrahedral color distances between populations. Distances were calculated for every pairwise population 
comparison for each of seven body regions and summed to provide a measure of overall color distance. 
 
cani 
CEN 
cast 
CEN 
cast 
MAD 
cast 
MB 
cast 
WA 
flav 
WA 
forb 
NI 
gran 
MAD 
gran 
MB 
huns 
NH 
huns 
NI 
mela 
NB 
mela 
NI 
neve 
TF 
spec 
Mad 
spec 
NB 
styg 
TF 
cani CEN -                 
cast CEN 1.0589 -                
cast MAD 0.9965 0.3257 -               
cast MB 1.1281 0.2409 0.4457 -              
cast WA 0.7942 0.5900 0.6184 0.6032 -             
flav WA 0.7859 0.9154 0.8927 0.9419 0.4766 -            
forb NI 0.9323 0.7697 0.8825 0.7161 0.9660 1.0965 -           
gran MAD 0.8943 1.0587 1.1892 1.0383 1.3645 1.4897 0.6075 -          
gran MB 1.0240 1.1874 1.3119 1.0875 1.5082 1.6208 0.7777 0.3355 -         
huns NH 0.5878 1.1379 1.0809 1.2328 1.1777 1.3109 1.0346 0.6789 0.8110 -        
huns NI 1.2261 1.5119 1.5570 1.6007 1.2337 1.2838 1.5326 1.4907 1.6522 1.2634 -       
mela NB 0.5980 0.7314 0.8552 0.8139 0.5727 0.7498 0.8365 0.9376 1.1104 0.7722 0.9165 -      
mela NI 0.6691 0.6875 0.7861 0.7836 0.8197 0.9854 0.7693 0.7086 0.8520 0.5797 1.0035 0.3380 -     
neve TF 0.6474 0.9687 0.8577 0.9874 0.6079 0.6661 0.7921 1.2927 1.4488 0.9708 1.1920 0.6504 0.8321 -    
spec MAD 0.8722 0.6844 0.7352 0.7816 0.6332 0.6236 0.7763 1.1208 1.2810 1.0076 1.1363 0.5224 0.7155 0.6035 -   
spec NB 1.1118 0.5352 0.6715 0.6273 0.6861 0.8320 0.8770 1.1312 1.2580 1.1492 1.4323 0.6720 0.6571 0.9839 0.5283 -  
styg TF 0.7729 1.0417 1.2027 1.0804 1.2865 1.4330 0.7436 0.5349 0.5715 0.4229 1.3015 0.9005 0.6635 1.1123 1.1208 1.1443 - 	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Table 1.3. Summed chromatic color distances in JNDs (dS). Distances were calculated for every pairwise population 
comparison as well as within populations for each of seven body regions and summed to provide a measure of overall color 
distance. 
 
cani 
CEN 
cast 
CEN 
cast 
MAD 
cast 
MB 
cast 
WA 
flav 
WA 
forb 
NI 
gran 
MAD 
gran 
MB 
huns 
NH 
huns 
NI 
mela 
NB 
mela 
NI 
neve 
TF 
spec 
Mad 
spec 
NB 
styg 
TF 
cani CEN 20.16                 
cast CEN 38.28 20.16                
cast MAD 38.68 38.28 16.14               
cast MB 50.07 38.68 34.03 27.57              
cast WA 36.68 50.07 27.63 33.94 16.34             
flav WA 43.33 36.68 45.76 55.58 32.48 18.71            
forb NI 51.70 43.33 37.16 39.69 37.21 52.32 22.10           
gran MAD 53.83 51.70 50.72 53.55 57.81 75.34 55.80 30.88          
gran MB 76.31 53.83 71.13 67.39 80.42 101.74 70.84 50.77 45.53         
huns NH 38.72 76.31 45.84 50.05 50.03 69.04 52.70 41.57 59.30 20.23        
huns NI 35.04 38.72 40.98 53.25 50.28 66.58 57.45 45.32 65.52 22.12 18.25       
mela NB 62.54 35.04 72.67 72.49 61.84 62.53 68.09 73.66 98.79 63.85 63.11 63.06      
mela NI 38.83 62.54 43.45 56.45 48.17 53.90 45.86 55.90 79.59 37.12 31.66 50.47 21.80     
neve TF 47.49 38.83 47.07 56.44 35.17 31.12 44.15 77.20 104.03 66.58 64.32 62.62 46.63 17.76    
spec MAD 64.80 47.49 49.82 48.44 51.94 57.95 47.34 60.75 80.42 65.64 68.22 66.57 53.94 56.97 28.05   
spec NB 35.47 64.80 31.31 38.94 31.81 44.25 37.69 46.90 71.07 38.12 38.11 51.87 32.02 45.09 42.44 20.77  
styg TF 43.08 35.47 50.86 46.64 49.51 69.14 52.87 42.58 56.38 24.05 29.93 67.50 43.80 67.80 64.97 42.14 16.24 	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Table 1.4. Summed achromatic color distances in JNDs (dL). Distances were calculated for every pairwise population 
comparison as well as within populations for each of seven body regions and summed to provide a measure of overall color 
distance. 
 
cani 
CEN 
cast 
CEN 
cast 
MAD 
cast 
MB 
cast 
WA 
flav 
WA 
forb 
NI 
gran 
MAD 
gran 
MB 
huns 
NH 
huns 
NI 
mela 
NB 
mela 
NI 
neve 
TF 
spec 
Mad 
spec 
NB 
styg 
TF 
cani CEN 55.3                 
cast CEN 236.7 33.5                
cast MAD 211.6 70.9 41.2               
cast MB 244.5 48.3 77.8 50.9              
cast WA 206.4 49.9 55.8 56.7 35.5             
flav WA 134.3 173.7 150.6 188.3 152.1 28.4            
forb NI 185.4 73.4 112.8 88.1 80.9 181.8 43.5           
gran MAD 227.9 166.5 205.8 175.7 177.9 300.9 142.7 75.4          
gran MB 240.9 175.4 214.0 180.2 186.8 304.5 153.6 78.3 81.7         
huns NH 165.2 196.2 233.6 208.3 196.5 281.7 144.8 120.3 130.0 54.0        
huns NI 106.7 224.1 208.9 230.2 193.7 216.4 173.1 163.8 175.4 90.1 50.4       
mela NB 290.6 198.8 254.8 198.8 206.8 324.1 182.4 187.5 190.6 159.9 209.7 107.6      
mela NI 202.8 142.3 180.2 151.3 145.0 243.7 113.0 152.1 162.4 97.3 136.2 106.5 54.9     
neve TF 122.9 141.3 112.8 152.5 115.1 112.9 114.3 216.2 230.3 209.1 145.7 270.1 191.1 48.8    
spec MAD 266.5 74.1 114.2 78.9 93.1 203.6 88.5 169.0 172.1 216.5 252.2 182.0 149.6 174.9 40.2   
spec NB 221.4 70.2 110.2 87.6 81.6 170.2 80.7 194.0 204.5 175.8 205.6 187.2 122.4 158.6 82.0 47.1  
styg TF 188.2 187.8 228.1 196.8 192.8 299.4 140.6 99.5 106.3 62.2 111.1 145.9 94.8 223.3 190.4 171.6 55.4 	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Table 1.5. Mean chromatic JNDs (dS) at each body region for populations in sympatry and allopatry with another species. 
Species 1 is the focal species that occurs in sympatry and allopatry with Species 2. Castaneoth. = castaneothorax. This species 
has four populations total, so each sympatric pair is compared to three allopatric castaneothorax populations. Numbers in 
italics are p-values. Bolded numbers are the significantly higher of the pair. 
  Back Belly Breast Cheek Crown Tail Throat 
Species 1 Species 2 Sym Allo Sym Allo Sym Allo Sym Allo Sym Allo Sym Allo Sym Allo 
castaneoth. caniceps 4.4854 4.7861 4.3196 6.1259 5.0675 7.7928 6.2151 3.6286 4.0990 1.6537 7.1617 7.7214 6.9353 4.9715 
  0.0884  <0.0001  <0.0001  <0.0001  <0.0001  0.0994  <0.0001  
  4.4854 4.9832 4.3196 4.6904 5.0675 6.2594 6.2151 13.2369 4.0990 3.8656 7.1617 6.8825 6.9353 10.1506 
  0.0046  <0.0001  <0.0001  <0.0001  0.0385  0.3772  <0.0001  
  4.4854 6.3365 4.3196 5.3935 5.0675 5.5571 6.2151 5.7789 4.0990 2.2319 7.1617 7.3673 6.9353 6.0133 
  <0.0001  <0.0001  <0.0001  0.0002  <0.0001  0.5152  <0.0001  
 flaviprymna 1.7823 2.2784 4.4210 7.7384 3.1201 4.4161 7.0880 9.7023 2.1085 6.3041 5.3149 7.3254 8.6443 10.5723 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  
  1.7823 2.5287 4.4210 5.9266 3.1201 4.0206 7.0880 9.4019 2.1085 2.2248 5.3149 11.9044 8.6443 9.7483 
  <0.0001  <0.0001  <0.0001  <0.0001  0.1359  <0.0001  <0.0001  
  1.7823 1.9713 4.4210 7.0012 3.1201 3.9012 7.0880 16.8550 2.1085 6.1248 5.3149 5.8933 8.6443 13.8059 
  0.0357  <0.0001  <0.0001  <0.0001  <0.0001  0.0028  <0.0001  
 spectabilis 2.3322 3.4882 6.7995 8.5793 3.4253 3.4660 11.8229 12.0756 10.9382 7.6580 9.8596 5.9733 4.6435 4.5175 
  <0.0001  <0.0001  0.5868  0.7647  <0.0001  <0.0001  0.3862  
  2.3322 3.1158 6.7995 7.8645 3.4253 3.9731 11.8229 14.5699 10.9382 8.4758 9.8596 4.6865 4.6435 5.7583 
  <0.0001  <0.0001  <0.0001  0.0015  <0.0001  <0.0001  <0.0001  
  2.3322 3.1822 6.7995 5.2315 3.4253 4.8062 11.8229 15.6800 10.9382 11.3441 9.8596 4.6585 4.6435 7.0407 
  <0.0001  <0.0001  <0.0001  <0.0001  0.0892  <0.0001  <0.0001  
hunsteini forbesi 10.0477 10.4404 13.6417 13.8714 13.1244 13.3976 4.7768 3.8898 4.8185 2.8501 7.1041 4.9839 3.9369 3.2651 
  0.1492  0.2096  0.1010  0.0002  <0.0001  <0.0001  <0.0001  
 melaena 2.5980 3.1559 13.0000 13.3299 2.4731 3.4077 2.6661 3.6590 2.6005 3.9500 5.7260 6.6688 2.5996 2.9445 
  0.0147  0.5530  0.0130  0.0056  0.0008  0.2657  0.2031  
melaena hunsteini 2.5980 6.0746 13.0000 12.1295 2.4731 6.1477 2.6661 10.4221 2.6005 6.2432 5.7260 14.6296 2.5996 7.4614 
  <0.0001  0.0450  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  
 forbesi 8.3187 7.7668 3.5969 5.4322 11.8862 12.7542 5.7768 12.5865 5.2042 8.7878 6.0837 11.6609 4.9915 9.0986 
  0.0482  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  
 spectabilis 5.5158 5.4519 4.0135 5.7144 6.5573 5.3853 10.6113 2.7671 6.7407 3.0934 10.9850 7.0846 7.4500 2.5223 
  0.8226  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  
spectabilis castaneoth. 2.3322 3.6640 6.7995 3.6543 3.4253 5.6414 11.8229 2.6510 10.9382 5.2911 9.8596 7.8670 4.6435 2.5426 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  
 grandis 6.9102 9.4284 11.7448 8.9946 12.1475 8.8558 13.1433 4.8867 6.3301 4.6156 6.5844 6.3460 3.8878 3.7690 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  0.4195  0.4197  
 melaena 5.5158 6.4568 4.0135 2.0486 6.5573 9.1789 10.6113 19.2988 6.7407 9.6264 10.9850 9.9871 7.4500 9.9730 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  0.1729  <0.0001  
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Table 1.6. Mean achromatic JNDs (dL) at each body region for populations in sympatry and allopatry with another species. 
Species 1 is the focal species that occurs in sympatry and allopatry with Species 2. Castaneoth. = castaneothorax. This species 
has four populations total, so each sympatric pair is compared to three allopatric castaneothorax populations. Numbers in 
italics are p-values. Bolded numbers are the significantly higher of the pair. 
  Back Belly Breast Cheek Crown Tail Throat 
Species 1 Species 2 Sym Allo Sym Allo Sym Allo Sym Allo Sym Allo Sym Allo Sym Allo 
castaneoth. caniceps 17.1316 16.2083 57.3634 53.5161 18.0024 14.3628 48.3697 47.5658 34.5515 17.2937 6.8795 6.3376 44.1125 41.2633 
  0.0147  <0.0001  <0.0001  0.2046  <0.0001  0.1233  <0.0001  
  17.1316 16.4206 57.3634 56.3453 18.0024 15.6076 48.3697 64.4703 34.5515 29.6563 6.8795 7.9297 44.1125 45.5364 
  0.0490  0.0411  <0.0001  <0.0001  <0.0001  0.005  0.0493  
  17.1316 19.2497 57.3634 55.1928 18.0024 17.6205 48.3697 50.5000 34.5515 8.3010 6.8795 9.5513 44.1125 41.5068 
  <0.0001  <0.0001  0.1643  0.001  <0.0001  <0.0001  0.0003  
 flaviprymna 5.2319 5.3566 3.7199 7.2143 10.5570 6.8649 52.2951 53.0990 15.5267 33.3480 6.0903 8.6741 59.5707 62.4199 
  0.6654  <0.0001  <0.0001  0.1600  <0.0001  <0.0001  <0.0001  
  5.2319 7.5392 3.7199 5.2513 10.5570 7.2771 52.2951 55.2293 15.5267 7.9210 6.0903 17.0368 59.5707 59.8143 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  0.6709  
  5.2319 5.1701 3.7199 6.2712 10.5570 10.2328 52.2951 69.1164 15.5267 28.4071 6.0903 6.4196 59.5707 63.6914 
  0.8296  <0.0001  0.4257  <0.0001  <0.0001  0.3401  <0.0001  
 spectabilis 6.2305 4.4154 10.0645 12.2351 10.0532 9.6577 14.9567 16.6002 57.0240 18.1809 10.2192 5.8356 9.6424 8.5889 
  <0.0001  <0.0001  0.1586  0.0359  <0.0001  <0.0001  0.0410  
  6.2305 4.4631 10.0645 11.2169 10.0532 13.0543 14.9567 13.9295 57.0240 23.0551 10.2192 6.5953 9.6424 8.7637 
  <0.0001  <0.0001  <0.0001  0.1928  <0.0001  <0.0001  0.1141  
  6.2305 4.5952 10.0645 8.3878 10.0532 13.3734 14.9567 17.2377 57.0240 35.9767 10.2192 4.5341 9.6424 8.9309 
  <0.0001  <0.0001  <0.0001  0.0050  <0.0001  <0.0001  0.1796  
hunsteini forbesi 16.2232 20.2618 32.7242 37.9741 37.4816 40.8018 28.4656 11.9750 32.6108 5.9992 9.4908 8.5215 9.3655 7.5735 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  0.1935  0.0035  
 melaena 5.1864 4.2998 41.8578 47.1076 6.9659 9.9997 31.6446 12.8658 36.0093 9.7641 9.6625 8.0313 9.3754 8.9366 
  0.3363  0.0010  0.0260  <0.0001  <0.0001  0.2810  0.7672  
melaena hunsteini 5.1864 11.9418 41.8578 45.2613 6.9659 15.2499 31.6446 44.0849 36.0093 51.0779 9.6625 9.0762 9.3754 30.1073 
  <0.0001  0.0152  <0.0001  <0.0001  <0.0001  0.6471  <0.0001  
 forbesi 18.1193 25.6258 9.6438 12.6344 38.4193 52.1421 10.3335 19.3118 8.9128 20.5957 8.0678 6.8788 9.4686 26.5051 
  <0.0001  0.0002  <0.0001  <0.0001  <0.0001  0.1516  <0.0001  
 spectabilis 20.0933 12.3891 10.8564 14.2501 70.5333 56.8105 17.5024 8.1156 20.6322 9.2661 8.2843 9.5657 27.4524 9.2268 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  0.1554  <0.0001  
spectabilis castaneoth. 6.2305 14.9721 10.0645 3.2501 10.0532 15.3391 14.9567 9.3783 57.0240 42.0009 10.2192 12.2744 9.6424 10.2728 
  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  <0.0001  0.2363  
 grandis 4.9606 11.8588 55.2017 62.6053 60.5641 65.2423 21.7214 15.5705 11.4576 12.4755 5.6056 6.7558 10.1673 14.3883 
  <0.0001  <0.0001  <0.0001  0.0008  0.1252  0.0007  <0.0001  
 melaena 20.0933 29.5140 10.8564 4.5541 70.5333 65.8551 17.5024 15.2735 20.6322 14.5100 8.2843 5.8821 27.4524 22.7984 
  <0.0001  <0.0001  <0.0001  0.0192  <0.0001  <0.0001  0.0124  
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Table 1.7. Population means for five morphological traits: wing chord length (mm), bill 
length (mm), bill depth (mm), bill width (mm), and mass (g). 
 Wing chord Bill length Bill depth Bill width Mass 
caniceps 50.13 7.41 7.94 6.51 9.31 
castWA 55.03 8.19 8.47 7.28 13.78 
castCEN 51.95 7.80 8.04 6.85 10.76 
castMAD 50.20 7.77 8.10 6.72 11.13 
castMIL 50.75 7.46 7.89 6.68 9.77 
flav 55.37 8.46 8.64 7.44 13.23 
forb 52.68 9.69 10.75 8.46 12.37 
granMAD 54.20 10.03 10.91 8.78 13.94 
granMIL 54.32 10.03 11.34 9.24 14.36 
hunsNH 48.85 7.64 8.10 6.67 9.68 
hunsNI 48.50 7.56 7.97 6.59 9.88 
melaNB 52.05 9.68 10.42 8.59 12.22 
melaNI 48.63 8.18 8.60 7.03 10.65 
neve 52.08 8.21 8.52 7.17 11.64 
specMAD 49.94 7.36 7.88 6.61 9.31 
specNB 48.85 7.92 8.29 6.93 9.98 
styg 52.05 8.09 8.44 7.02 12.06 
 
 
 
Table 1.8. Percent of pairwise allopatric, sympatric, and conspecific population 
comparisons that were significantly different in morphology. 
 % Significantly Different Pairwise Comparisons 
Comparison Wing Chord Bill Size Mass 
Allopatric 66.09% 64.79% 71.30% 
Sympatric 63.64% 63.16% 72.73% 
Conspecific 50.00% 28.57% 60.00% 
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Figure 1.1. Average reflectance spectra with standard deviation for the seven body 
regions measured in 17 populations. Blue = belly, red = breast, brown = tail, orange = 
crown, yellow = back, green = throat, purple = cheek.  
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
300 400 500 600 700
0
10
20
30
40
50
60
Wavelength (nm)
R
ef
le
ct
an
ce
 (%
)
castaneothorax 
Central 
castaneothorax 
Western Australia 
flaviprymna 
Western Australia 
caniceps 
Central 
grandis 
Milne Bay 
grandis 
Madang 
castaneothorax 
Milne Bay 
castaneothorax 
Madang 
melaena 
New Ireland 
melaena 
New Britain 
spectabilis 
New Britain 
spectabilis 
Madang 
hunsteini 
New Ireland 
hunsteini 
New Hanover 
nevermanni 
Trans-Fly 
stygia 
Trans-Fly 
forbesi 
New Ireland 
	   29 
   * 
Figure 1.2. Boxplot of mean tetrahedral color distance in allopatric heterospecific, 
sympatric heterospecific, and allopatric conspecific population comparisons. Conspecific 
comparisons had significantly lower color distances than heterospecific comparisons, but 
there was no significant difference in mean color distance between allopatric and 
sympatric comparisons (ANOVA; p<0.0001). 
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   A              *,**            ***     *              **,*** 
 
              * 
   B       
 
Figure 1.3. Boxplots of mean total chromatic (A) and achromatic (B) color distance in Just Noticeable 
Differences (JNDs) for allopatric heterospecifc, sympatric heterospecific, between-population conspecific, 
and within-population conspecific comparisons. Mean chromatic color distance is significantly different 
between allopatric comparisons and both within- (**) and between-population (*) conspecific comparisons, 
as well as between sympatric comparisons and within-population comparisons (***). Mean achromatic 
color distance is significantly different between heterospecific and conspecific comparisons (*). 
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Figure 1.4. The proportion of comparisons of individual plumage patches in which 
chromatic (top) and achromatic (bottom) Just Noticeable Differences (JNDs) were 
significantly greater in sympatric comparisons, significantly greater in allopatric 
comparisons, or not significantly different. Data from Tables 1.5 and 1.6. 
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Figure 1.5. The proportion of comparisons in which chromatic (top) and achromatic 
(bottom) Just Noticeable Differences (JNDs) were significantly greater in sympatric 
comparisons, significantly greater in allopatric comparisons, or not significantly different 
for each plumage patch. Data from Tables 1.5 and 1.6. 
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Figure 1.6. Histograms of bill size (PC1) among sympatric populations. Central and Milne Bay Province 
populations are combined, as there are no significant geographic barriers between the two and I was unable 
to sample L. grandis in Central Province, though individuals were observed. Colors are as indicated in 
Figure i.1. All pairs of sympatric species were found to have significantly different bill sizes except for 
castaneothorax and flaviprymna in Western Australia (top panel) and nevermanni and stygia in the Trans-
Fly (fourth panel). 
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Figure 1.7. Histograms of wing chord length (mm) among sympatric populations. See Figure 1.4 for note 
on Central and Milne Bay Provinces. Colors are as indicated in Figure i.1. All pairs of sympatric species 
were found to have significantly different wing chord length except for castaneothorax and flaviprymna in 
Western Australia (top panel), castaneothorax and spectabilis in Madang (third panel), stygia and 
nevermanni in the Trans-Fly (fourth panel), and hunsteini and melaena on New Ireland (bottom panel). 
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Figure 1.8 Histograms of mass (g) among sympatric populations. Central Province and Milne Bay 
Province populations were combined, as there are no significant geographic barriers between the two and I 
was unable to sample L. grandis in Central Province, though individuals were observed. Colors are as 
indicated in Figure i.1. All pairs of sympatric species were found to have significantly different mass 
except for castaneothorax and flaviprymna in Western Australia (top panel), stygia and nevermanni in the 
Trans-Fly (fourth panel), and hunsteini and melaena on New Ireland (bottom panel). 
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Figure 1.9. Plot of the first two principal components of a PCA run on five 
morphological measurements: wing chord length, bill length, bill depth, bill width, and 
mass. Colors are as indicated in Figure i.1. Circles = Central Province, Milne Bay 
Province, New Hanover; squares = Australia, New Ireland; diamonds = Madang 
Province; triangles = Western Province (Trans-Fly); inverted triangles = New Britain. 
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Figure 1.10. Mass and bill length of ancestral L. melaena on New Britain (dark purple) 
and L. melaena that colonized New Ireland (light purple). Both mass and bill length are 
significantly different between the ancestral and colonial populations (t-tests; p<0.0001). 
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Figure 1.11. Mass and bill length of the three Lonchura populations on New Ireland: 
melaena (black), forbesi (dark grey), and hunsteini (light grey). Both mass and bill length 
are significantly different between melaena and forbesi (t-tests; p<0.0001), but not 
between melaena and hunsteini (t-tests; mass: p=0.406, bill: p=0.470). 
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CHAPTER TWO: Substantial interspecific gene flow in Lonchura munias 
 
INTRODUCTION 
Speciation, the evolution of morphologically, behaviorally, and/or ecologically 
distinct lineages from a common ancestor, is the fundamental process generating 
biodiversity. In the classic allopatric model (Mayr 1942, 1963), reproductive 
incompatibilities accumulate in isolated populations as a by-product of both local 
adaptation and genetic drift, which results in gradual, genome-wide divergence. 
Allopatric speciation is clearly important in many taxa (Avise et al. 1987, Barraclough & 
Vogler 2000, Pinho & Hey 2010), but a growing list of examples shows that adaptive 
divergence and speciation are possible despite ongoing gene flow (Butlin 2010, Danley & 
Kocher 2001, Emelianov et al. 2004, Michel et al. 2010, Nosil 2008, Schluter 2001, Via 
2001), a possibility also supported by theory (Doebeli 1996, Gavrilets 2003, Johnson et 
al. 1996, van Doorn et al. 2009). 
While hybridization may impede speciation by homogenizing the gene pools of 
incipient species, it may also facilitate the transfer of adaptive alleles across species 
boundaries (Clarkson et al. 2014, Hedrick 2013, Kronforst et al. 2013, Norris et al. 2015, 
The Heliconius Genome Consortium 2012); lead to the development of novel or 
exaggerated traits in hybrids (Nichols et al. 2015, Ranganath & Aruna 2003, Reiseberg et 
al. 1999, Seehausen 2004, Bell & Travis 2005); or accelerate or complete the evolution 
of reproductive isolation through the process of reinforcement (Butlin 1995, Howard 
1993, Noor 1999, Rundle & Schluter 1998, Servedio & Noor 2003). As such, diverse 
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radiations in which nascent species may have continued to exchange genes are of interest 
for investigating the role of divergence with gene flow in the evolution of biodiversity.  
Models of divergence with gene flow predict a heterogeneous pattern of 
divergence across the genome. Whereas neutral regions are homogenized by gene flow, 
selection is expected to maintain species-specific traits, assuming an adequate level of 
assortative mating along with continuing diversifying ecological and/or sexual selection. 
Gene flow is reduced at and near loci underlying ecologically or sexually relevant traits, 
resulting in “islands of divergence” in regions of the genome that have been under 
selection (Nosil et al. 2008, 2009, Turner et al. 2005, Wu 2001; see Chapter 3).  
Testing for divergence with gene flow can be difficult, as genome-wide similarity 
is also expected in the case of recent shared ancestry (Eriksson and Manica 2012, Muir & 
Schlotterer 2005, Noor & Bennet 2009) or gene flow following speciation in isolation 
(Poelstra et al. 2014, Ellegren et al. 2012). Coalescent-based analysis using a program 
such as IM (Hey 2006) can simultaneously estimate divergence time and rates of gene 
flow between populations, but this becomes increasingly difficult as the number of 
populations is increased (Hey 2010). Another way to detect divergence with gene flow is 
to compare genetic variation between sympatric and allopatric populations (Grant et al. 
2005, Martin et al. 2013). Under a model of divergence with gene flow, sympatric 
populations are expected to be more similar at neutral loci than allopatric populations. 
For example, in a study of the larch budmoth (Zeiraphera diniana), heterogeneity in 
genetic divergence between host races was observed in sympatric populations, whereas 
allopatric populations were consistently divergent across the genome (Emelianov et al. 
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2005). The authors concluded that this difference in the heterogeneity of divergence was 
due to gene flow at neutral loci in sympatry. In Heliconius butterflies, sympatric species 
share substantially more genetic variation than allopatric species, but maintain 
differentiation around genes responsible for wing patterning, suggesting gene flow in 
sympatry coupled with selection at these loci (Kronforst et al. 2013, Martin et al. 2013). 
Wing patterns in Heliconius are under both ecological and sexual selection, as they 
function as both an aposematic predation deterrent and a species recognition mechanism 
(Jiggins et al. 2001, Mallet & Gilbert 1995, Mallet & Joron 1999). 
Species that have undergone extensive introgression either during or soon after 
divergence allow for the investigation of the genomic structure of speciation. When 
neutral regions of the genome have been homogenized by gene flow, the expectation is 
that divergence will be elevated at loci under selection. This provides the opportunity to 
pinpoint functional loci that are important to speciation. We can then answer fundamental 
questions related to the process of speciation and the nature of species. For example, how 
little of the genome is required to maintain species boundaries? What is the distribution 
of species-specific genomic regions? How large are they? Do they overlap genes or 
regulatory regions? Identifying systems in which substantial gene flow has occurred 
between species is the first step in investigating these questions. 
A clade of 12 munia species (genus Lonchura) in Australia, New Guinea, and 
nearby islands provides an extraordinary example of rapid speciation (see Preface) and an 
excellent model system in which to investigate the genomic structure of recent speciation. 
The existence of multiple geographic regions in which two or three species occur in 
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broad sympatry suggests that there may have been ample opportunity for hybridization, 
and the low level of genetic divergence among the 12 species in the radiation suggests 
that intrinsic barriers to reproduction are unlikely (Price 2008, Price & Bouvier 2002). 
Currently, it does not appear that any of the species commonly hybridize, though putative 
hybrids have been reported (Immelmann 1962, 1965; Mees 1982, Peckover & Filewood 
1976, Tolhurst 1987). Analysis of plumage color and morphometrics, however, yields no 
compelling evidence for character displacement between sympatric species pairs, and in 
fact suggests that sympatric populations are often more similar to one another in 
sympatry than they are in allopatry (see Chapter 1). This suggests a role for either 
hybridization or convergent evolution in response to local environmental conditions. 
In this chapter, I use mitochondrial DNA sequencing and double-digest 
Restriction-site Associated DNA sequencing (ddRAD-seq) to characterize patterns of 
genetic diversity and divergence across the Lonchura radiation and test the hypothesis 
that sympatric Lonchura species have experienced significant interspecific gene flow. I 
test the hypothesis that on a genome-wide basis Lonchura populations are more similar to 
sympatric heterospecifics than to allopatric populations of their own species. I also use 
these data to elucidate the phylogeographic history of the Lonchura radiation. 
 
METHODS 
Sampling 
 Samples were collected in Australia and Papua New Guinea (PNG) from 2010-
2012 as described in Chapter 1. To fill in geographic gaps in sampling, tissue samples 
	   43 
were obtained from museum collections for an additional 24 birds (Table A.2). All of 
these tissue samples are from wild-caught birds except for two individuals of L. 
quinticolor and two of L. teerinki. Two additional samples of L. teerinki were obtained 
from an aviculturist in Switzerland. All of these additional specimens are used in the 
mitochondrial DNA analysis, whereas the only samples from museum collections 
included in the ddRAD-seq analysis are the ten castaneothorax from Queensland, 
Australia. 
DNA extraction and mtDNA sequencing 
Genomic DNA was generally extracted from muscle tissue or blood using a 
DNeasy kit (Qiagen, Valencia, CA) with 4 µL RNAse added to the lysate following 
incubation. In the case of some museum specimens, I used the calamus of one or two 
feathers or a small piece of footpad tissue. 
I amplified the mitochondrial gene NADH dehydrogenase subunit 2 (ND2) in two 
overlapping fragments using the primer pairs L5216/H5766 and L5758/H6313 (Sefc et 
al. 2003). Primer names refer to the strand and position of the 3’ base in the chicken 
(Gallus gallus) mitochondrial DNA sequence (Desjardins and Morais 1990). PCR 
reactions were in 32.15 µl volumes, containing 3 µl 10x buffer, 3 µl MgCl2 (25 mM), 3 µl 
dNTPs (4 mM), 1.5 µl of each primer (10 µM), and 0.15 µl AmpliTaq DNA Polymerase 
(5 U/ µl) (Applied Biosystems, Foster City, CA). PCR products were purified using 
ExoSAP-IT (Amersham Biosciences, Pittsburg, PA) or SPRI beads and sequenced with 
BigDye Terminator v.3.1 (Applied Biosystems). Sequencing reaction products were 
cleaned with Sephadex (G-50 fine) columns and run out on an Applied Biosystems 3100 
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Genetic Analyzer. Sequences were aligned and edited using the program Sequencher 
v.4.5 (Gene Codes, Ann Arbor, MI). A haplotype network was constructed based on 
results from TCS v1.21 (Clement et al. 2000). 
ddRAD-seq 
 Restriction-site Associated DNA sequencing (RAD-seq) was performed using the 
double-digest method described in DaCosta and Sorenson (2014) with minor 
modifications. Briefly, 0.5-1 µg of DNA was digested using two enzymes, EcoRI and 
SbfI. Digested DNA was ligated to adapters comprising standard Illumina primer 
sequences and sample-specific barcodes/indices using a dual indexing method. Following 
ligation, individual sample concentration was quantified using qPCR (Kapa SYBR Fast, 
Kapa Biosystems, Wilmington, MA) and sets of 12 samples were pooled in equal 
concentrations; this step, which differs from the DaCosta and Sorenson (2014) protocol, 
saves time and reduces fragment library preparation costs. These pools of 12 samples 
were spiked with 300 and 450 bp size standards and run out on a 2% low-melt agarose 
gel. Fragments between 300-450 bp were excised from the gel using the “wedge cut” 
described in DaCosta and Sorenson (2014), and were extracted from the gel using a 
Qiagen MinElute PCR Purification Kit (Qiagen). Fragment libraries were then PCR 
amplified for 22 cycles using Phusion High-Fidelity DNA Polymerase (New England 
Biolabs, Beverly, MA). A second qPCR was run on the amplified pools, which were then 
combined in equimolar amounts for sequencing. Six samples each of nevermanni and 
stygia were sequenced in one lane of a HiSeq 2000 with 100 bp single-end reads along 
with a pool of unrelated samples. The remaining samples were run on four entire flow 
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cells of a HiSeq 2500 in RAPID mode with 150 bp single-end reads. The first run 
included 211 samples, 164 of which were Lonchura for this study. The second run 
comprised of 229 samples with 180 Lonchura, including re-runs of 12 samples from the 
previous run that had low depth. The third run (152 samples) and fourth run (83 samples) 
contained 96 and 64 Lonchura samples, respectively, all of which were being re-run for 
additional reads. Data from samples run more than once were combined for analysis. The 
number of reads per sample ranged from ~680,000 to 3.96 million (average number of 
reads = 1,368,972). 
 The resulting sequence data were processed using the computational pipeline 
described in DaCosta and Sorenson (2014) with some additional refinements; current 
versions of the code are available online (https://github.com/BU-RADseq). Eight samples 
for which substantially fewer loci were recovered were removed from the dataset. Loci 
located on the Z chromosome were identified by examining the ratio of female to male 
reads and were analyzed separately (see below). Loci included in the final dataset had a 
median sequencing depth per sample of at least 20, missing data for less than 5% of 
individuals, and “flagged” genotypes in less than 2% of individuals. Flagged genotypes 
included those with read depth for a second allele representing <29% of reads and/or 
“extra” reads suggesting the presence of three or more alleles. A larger number of 
“flagged” genotypes (i.e., read counts deviating from ~50-50 Mendelian expectations) at 
a putative locus are often indicative of sequences from paralogous loci being incorrectly 
grouped into a single locus. To further refine the dataset, I used Geneious (v.8.0.3) to 
manually examine alignments for loci with two or more perfectly correlated SNPs in the 
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last five bases, four or more perfectly correlated SNPs anywhere in the locus, and/or five 
or more unique indels. This allowed me to check for errors in DNA sequence alignment, 
particularly at the 3’ ends of loci, and for sequences from paralagous loci not already 
detected by our automated code. Alignments for these loci were manually edited with 
guidance from the zebra finch (Taeniopygia gutatta) genome where possible. In the 
process, eight additional loci were discarded due to ambiguous alignments of repetitive 
elements (e.g., imperfect microsatellite repeats). 
 Z-linked loci were identified as those with a ~2:1 ratio of male to female reads 
(Figure 2.1). Over 90% of these were confirmed by BLAST hits to the zebra finch Z-
chromosome. The Z-linked loci were subject to the same filtering criteria and manual re-
alignment of selected loci as described above for autosomal loci. 
Data analysis 
For the purpose of examining variation within and among populations, samples 
were split into 18 populations by species and locality. A putative castaneothorax x 
grandis hybrid was also included in some analyses. For all analyses, I coded each unique 
indel at each locus as a 0/1 polymorphism. Pairwise ΦST values were calculated for all 
autosomal RAD loci using a custom script implementing the equations of Excoffier et al. 
(1992). Overall pairwise ΦST and nucleotide diversity (π) for each population were also 
calculated. 
To examine the genetic structure of populations, I used the program 
STRUCTURE v.2.3.2 (Pritchard et al. 2000). Analyses were run for every value of k 
(number of inferred populations) from two to 18 with 100,000 Markov-chain Monte 
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Carlo iterations and a burn-in period of 100,00 steps. I used an admixture model with 
allele frequencies correlated among populations. I also ran Principal Components 
Analyses (PCAs) on autosomal and Z-linked loci, respectively, using R and following the 
approach of Novembre and Stephens (2008). For autosomal loci, genotypes for bi-allelic 
SNPs and indels were coded as 0, 1, or 2 (1 being a heterozygote). The PCA analysis 
included only those SNPs/indels with a minor allele frequency of at least 4 (~0.6%) 
across the full sample of 336 individuals (672 alleles). Individuals missing data for a 
given locus were assigned a genotype equal to two times their population allele frequency 
at that locus. For Z-linked loci, which are haploid in females, males were coded as 0, 0.5, 
or 1 (0.5 being a heterozygote), whereas females were assigned genotypes of 0 or 1. In 
addition to PCAs with all individuals included, I also ran PCAs on subsets of the 18 
populations that appeared tightly clustered in the overall PCA, and were only 
distinguished in PC axes three and above: birds from mainland New Guinea and 
Australia (excluding L. grandis), and birds from the Bismarck Islands. 
I also examined the distributions of rare alleles in the ddRAD-seq data. While 
alleles that are common in the radiation may be shared due to ancestral variation, alleles 
that are rare overall have likely arisen more recently. Sympatric populations that have 
hybridized are predicted to share more rare alleles with each other than with other 
populations in the radiation (Slatkin 1981, 1985). To test this, I calculated the number of 
copies of each allele in the autosomal dataset (e.g., in the full dataset of 336 birds, an 
allele can occur a maximum of 672 times). I counted the number shared between each 
pair of populations for alleles occurring two to 80 times. The proportion of alleles shared 
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between each population pair was divided by the proportion of shared alleles expected 
under a model without gene flow.  Because overall variability was low in the island 
populations, only the mainland PNG and Australia populations were analyzed. 
 To determine whether overall genomic variation is more closely associated with 
phenotype or with geography, I ran Mantel tests using the program zt (Bonnet & Van de 
Peer 2002) with 100,000 randomizations. I included all populations except 
castaneothorax from Queensland, for which I have no color data. I produced five 17 x 17 
matrices: one containing pairwise geographic distances, produced using the Geographic 
Distance Matrix Generator (Ersts, v.1.2.3); three matrices of color distance (tetrahedral 
color distance, chromatic just noticeable differences, achromatic just noticeable 
differences; see Chapter 1); and one containing overall ΦST for all RAD loci. I also 
created a matrix of summed tetrahedral color distance based only on head coloration, as 
this was the trait with the strongest signal of character displacement (see Chapter 1). 
Because individuals from the same population were often collected at different sites in a 
local area, the geographic locality of each population was approximated as the center of 
the area in which the birds were collected. In addition to simple Mantel tests assessing 
correlation between pairs of matrices, I ran partial Mantel tests to assess correlation 
between genomic variation and geography while controlling for each matrix of 
phenotypic variability, and another set of partial tests assessing correlation between 
genomic variation and coloration while controlling for geographic location. 
 
RESULTS 
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Mitochondrial DNA 
 I sequenced 1,088 bp of the mitochondrial ND2 gene in 345 individuals. As 
expected based on preliminary results, overall divergence was low. In general, the 
distribution of haplotypes among populations showed a stronger relationship with 
geography than with species identity. For example, the two grandis populations do not 
share any haplotypes, nor do the two populations of spectabilis (Figure 2.2). Similarly, 
there is minimal overlap in haplotypes between allopatric castaneothorax populations. In 
contrast, most individuals of castaneothorax, caniceps, and grandis from Milne Bay and 
Central Provinces in PNG share a single haplotype. The same is true of populations on 
the islands of New Britain and New Ireland; all individuals of hunsteini and spectabilis 
and all but two forbesi individuals share a single haplotype. The exception is melaena, 
most individuals of which have one of several relatively divergent haplotypes (one of 
which is shared with the two forbesi individuals), though a few individuals have the 
common haplotype. Likewise, flaviprymna and castaneothorax in Western Australia 
share haplotypes with each other but not with any other populations of castaneothorax. 
One exception to this pattern is nevermanni and stygia from Western Province in 
PNG; they have relatively divergent haplotypes, with stygia more closely related to the 
Central and Milne Bay populations of castaneothorax, caniceps, and grandis, and 
haplotypes from nevermanni being more closely related to those in castaneothorax and 
flaviprymna from Australia. Another exception is spectabilis, grandis, and 
castaneothorax in Madang, which have divergent haplotypes, although one spectabilis 
haplotype is shared by three grandis individuals. 
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The seven samples of quinticolor, which occurs in the Lesser Sunda Islands, form 
a separate clade of ND2 haplotypes that are most closely related to castaneothorax, 
nevermanni, and flaviprymna. The four teerinki samples obtained from captive birds also 
fall out in this group, but are not monophyletic at ND2; the samples from the two 
different sources are slightly divergent from each other, two closer to melaena and 
quinticolor, and the other two more similar to nevermanni and castaneothorax. 
 
RAD-seq 
 After filtering, I recovered 6,759 autosomal loci, a total of 848,855 bp with 
60,700 SNPs and 4,679 unique indels in the full sample of 336 birds. Fragment lengths 
ranged from 32-147 bp, with 60% (4,075 loci) reaching the full length of 147 bp 
(including 165 loci with longer alignments due to indels). I recovered 284 Z-linked loci 
comprising 36,251 bp with 2,048 SNPs and 150 unique indels. Lengths of Z-linked 
fragments ranged from 36-147 bp, with 61% (174 loci) full-length 147 bp loci. Median 
per sample per locus sequencing depth was 98 for the included autosomal loci (median 
per sample depth ranged from 20 to 634 reads across loci) and 81 for the Z-linked loci 
(range from 20 to 325.5 across loci), resulting in robust data for determining the 
alleles/haplotypes at the vast majority of loci for most individuals. The median sample 
was unambiguously genotyped at 99.6% of autosomal loci (range 87.62% to 99.85%), 
and missing or “flagged” genotypes accounted for only 0.8% of the data matrix (1.16% 
for Z-linked loci). 
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 For autosomal loci, overall ΦST among heterospecific populations was, on 
average, lower for comparisons of populations in sympatry (n=11, mean=0.1109) than in 
allopatry (n=128, mean=0.2038; Table 2.1). Conspecific populations were, on average, 
most similar (n=14, mean=0.0798) (Table 2.1; Figure 2.3). However, most species with 
allopatric populations are more similar to the species/populations they co-occur with in 
sympatry than they are to each other. For example, the two spectabilis populations are 
less similar to one another (ΦST = 0.1611) than they are to two species with which they 
occur in sympatry (in Madang, castaneothorax: ΦST = 0.0267; on New Britain, melaena: 
ΦST = 0.1484). The same is true of the two melaena populations on New Britain and New 
Ireland (ΦST = 0.2140); on New Britain, melaena is more similar to spectabilis (ΦST = 
0.1484), and on New Ireland, it is more similar to forbesi (ΦST = 0.1661) and hunsteini 
(ΦST = 0.1319). L. grandis in Madang is more similar to Madang populations of 
castaneothorax (ΦST = 0.1136) and spectabilis (ΦST = 0.1204) than to a conspecific 
population in Milne Bay (ΦST = 0.2117). Similarly, while castaneothorax in Western 
Australia is most similar to the conspecific population in Queensland (ΦST = 0.0044), it is 
more similar to flaviprymna (ΦST = 0.0070) than it is to the three other castaneothorax 
populations I sampled on New Guinea (Central: ΦST =  0.0586; Milne Bay: ΦST = 0.0600; 
Madang: ΦST = 0.04311). Similarly, castaneothorax from Madang is more similar to 
spectabilis (ΦST = 0.0267) than to the other four castaneothorax populations (Central: 
ΦST = 0.0417; Milne Bay: ΦST = 0.0434; Queensland: ΦST = 0.0426; Western Australia: 
ΦST = 0.0431). However, castaneothorax populations in Milne Bay and Central Provinces 
are more similar to conspecifics than to caniceps or grandis, the species they co-occur 
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with. The same is true of hunsteini on New Ireland and New Hanover and grandis in 
Milne Bay Province, which is most similar to grandis in Madang (but not vice versa; see 
Table 2.1). 
Z-linked loci were generally more divergent between populations than autosomal 
loci, but revealed similar patterns of genetic differentiation (Table 2.1). Allopatric 
populations of different species were the most divergent on average (mean ΦST = 0.4476), 
followed by sympatric populations (mean ΦST = 0.3239) and conspecific populations 
(mean ΦST = 0.1510; Figure 2.4). Many of the patterns mentioned above were also true of 
Z-linked loci, but with some exceptions. For example, spectabilis in Madang, which is 
most similar to a sympatric population of castaneothorax at autosomal loci, is instead 
more similar to two allopatric species, caniceps (ΦST = 0.0858) and stygia (ΦST = 0.1994), 
at Z-linked loci, followed by the conspecific spectabilis population on New Britain (ΦST 
= 0.2327). Likewise, grandis in Madang is more similar to the conspecific grandis 
population from Milne Bay at Z-linked loci (ΦST = 0.2955) than to sympatric 
castaneothorax (ΦST = 0.5090) or spectabilis (ΦST = 0.3941); and castaneothorax from 
Madang is also more similar to conspecific populations at Z-linked loci (Central: ΦST = 
0.0934; Milne Bay: ΦST = 0.0855; Queensland: ΦST = 0.1570; Western Australia: ΦST = 
0.1255) than to sympatric spectabilis (ΦST = 0.4185). Finally, castaneothorax from 
Western Australia is slightly more similar to nevermanni in the Trans-Fly of PNG (ΦST = 
0.0433) than to sympatric flaviprymna (ΦST = 0.0471) or any of the conspecific 
castaneothorax populations in PNG (min ΦST = 0.1255 for castaneothorax in Madang). 
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 Nucleotide diversity was lower in populations on the islands of New Britain and 
New Ireland. Mean nucleotide diversity among mainland populations was 0.0049 versus 
0.0030 for island populations (Figure 2.5). Lower nucleotide diversity in the island 
populations may be the result of smaller population sizes on islands, but it is also 
consistent with a founder effect (Mayr 1942) Smaller effective population sizes on 
islands may be responsible for the relatively larger ΦST values in comparisons involving 
island taxa (Table 2.1), despite the genome-wide similarity of these species in the context 
of PCA (see below). One mainland population, L. grandis from Milne Bay Province, had 
distinctly lower nucleotide diversity (π = 0.0033) than other mainland populations. 
 In the STRUCTURE analyses run with the number of populations assumed (k) set 
to 2-18, the likelihood value plateaued at k = 9 (Figure 2.6). With this many clusters, the 
populations are divided as follows: (1) castaneothorax and flaviprymna from Australia; 
(2) castaneothorax from Central and Milne Bay Provinces; (3) caniceps from Central 
Province; (4) castaneothorax and spectabilis from Madang Province; (5) grandis from 
Milne Bay; (6) grandis from Madang; (7) nevermanni and stygia from the Trans-Fly 
(with all nevermanni intermediate between this group and group 1); (8) the New Ireland 
populations of melaena, forbesi, and hunsteini; and (9) the New Britain populations of 
melaena and spectabilis, which all have about 1/3 of their genomes assigned to the New 
Ireland cluster (Figure 2.7). Raising the number of clusters above nine does not separate 
populations any further; in fact, many of the mainland populations are once again lumped 
together when k=10-18. Under an assumption of 2 clusters, STRUCTURE separated the 
munias into those from mainland PNG and Australia and those from the Bismarck 
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Islands. When k=3, the two L. grandis populations are separated from the others, yielding 
three clusters corresponding to the PCA results (see below). K=4 separates the remaining 
mainland populations into one cluster comprising castaneothorax and flaviprymna from 
Australia and nevermanni and stygia from the Trans-Fly in PNG and another containing 
spectabilis, caniceps, and the remaining castaneothorax populations. When k=7, the two 
L. grandis populations are also differentiated from one another, and the remaining 
mainland populations fall into two groups: Australia and southern PNG, and the 
remaining mainland PNG populations. 
 A Principal Components Analysis of autosomal RAD-seq loci also showed a 
strong influence of geography on genomic variation (Figure 2.8). Samples collected in 
the same region are often most similar to one another regardless of species identification. 
Of the four species with multiple, geographically isolated populations, three 
(castaneothorax, spectabilis, and melaena) are more similar to sympatric populations of 
other species than they are to allopatric populations of their own species. The one 
exception was the two L. grandis populations, which appear to be relatively divergent 
from all other munia species as well as from each other. However, the grandis population 
in Madang appears to be genetically intermediate between sympatric 
castaneothorax/spectabilis and the Milne Bay grandis population and, based on ΦST, is 
more similar to the former. Samples from Western Province in PNG (nevermanni, stygia) 
were also found to be remarkably similar at autosomal ddRAD-seq loci to samples from 
Australia (castaneothorax, flaviprymna). PC axes three through 14 reveal additional 
structure in the data, with each axis distinguishing one or two populations from the others 
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and supporting the conclusion that each of the populations/species I sampled can be 
distinguished by at least a small subset of loci (Table 2.2). Equivalently, when these 
geographic clusters are analyzed in separate PCAs, finer-scale structure becomes more 
apparent (Figure 2.8, panels B & C).  
 Z-linked RAD-seq loci exhibit a similar pattern to autosomal loci, with a few 
exceptions that mirror the differences in pairwise ΦST (Figure 2.9). Though the strong 
influence of locality remains, conspecific populations are generally more similar at Z-
linked loci than at autosomal loci. The two grandis populations, which were divergent at 
autosomal loci, are similar to one another at Z-linked loci. The same is true of 
castaneothorax populations, which overlap in the PCA of Z-linked loci. They also 
overlap with flaviprymna and nevermanni. However, it should of the populations within 
the three main groups (mainland, islands, and grandis) are more closely lumped in the 
PCA of Z-linked loci. Three populations (stygia, caniceps, and spectabilis from New 
Britain) that appear to have Z-chromosomes that are divergent from their sympatric 
congeners but that are similar to one another and to the Z chromosomes of the Bismarck 
Island populations. L. stygia appears to be heterozygous for this divergent Z 
chromosome. The Z-linked RAD-seq loci also suggest the existence of two birds of 
hybrid ancestry in the data: one grandis individual from Madang, which is similar to the 
grandis/castaneothorax hybrid at Z-linked loci, and one nevermanni individual that has a 
Z chromosome similar to the sympatric stygia. 
 As predicted, rare alleles were almost always shared at greater frequencies 
between sympatric populations that have putatively hybridized than between any other 
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allopatric population, including conspecific allopatric populations. For example, in 
Western Australia, castaneothorax shares more rare alleles with flaviprymna than with 
any other mainland PNG or Australia population, and flaviprymna shares more rare 
alleles with castaneothorax than with any other mainland PNG or Australia population 
(Figure 2.10). The same is true of nevermanni and stygia in the Trans-Fly of PNG (Figure 
2.11) and the three species in Madang Province (Figure 2.13). In Milne Bay Province, 
castaneothorax shares more rare alleles with the Central Province populations and very 
few with sympatric grandis, though grandis shares the most with castaneothorax (Figure 
2.14). In Central Province, castaneothorax shares more alleles with a conspecific 
population in Milne Bay than with sympatric caniceps (Figure 2.12). 
 Simple Mantel tests found no significant correlation between genomic variation 
and geography (r=0.0329, p=0.3429), tetrahedral color distance (r=0.0962, p=0.2235), 
chromatic just noticeable differences (JNDs) (r=0.1852, p=0.1428), or achromatic JNDs 
(r=-0.0404, p=0.3893; Figure 2.15). When controlling for geography, there was still no 
correlation between genomic variation and any measure of color distance (tetrahedral: 
r=0.0918, p=0.2448; chromatic JNDs: r=0.1929, p=0.1328; achromatic JNDs: r=-0.0402, 
p=0.3936). Similarly, genomic variation was not correlated with geography when 
controlling for any measure of color distance (tetrahedral: r=0.0155, p=0.4036; chromatic 
JNDs: r=0.0640, p=0.2926; achromatic JNDs: r=0.0326, p=0.3486). Repeating these 
analyses using only head color distance had similar results. 
 
 
	   57 
DISCUSSION 
The most striking finding of this study is that sympatric populations are often 
genetically similar regardless of their species identification, suggesting that species in the 
Lonchura radiation have undergone significant gene flow. Sympatric populations of 
different species frequently share ND2 haplotypes, whereas allopatric populations of the 
same species do not (Figure 2.2). Both autosomal and Z-linked loci show a pattern of 
greater similarity between sympatric populations of different species than to allopatric 
populations of the same species in most comparisons (Table 2.1). This result was 
supported by PCA and STRUCTURE analysis. Finally, substantial sharing of rare alleles 
between sympatric species supports that these patterns are, in fact, due to introgression 
(Figures 2.10-2.14). 
Despite the above observations, none of the Mantel tests were significant, 
suggesting that genetic distance is not significantly correlated either with geographic 
distance or phenotypic differentiation (Figure 2.15). The Mantel tests may be confounded 
by the greater divergence of grandis from the other species and the use of linear 
geographic distance between localities. This does not take features such as mountains or 
rivers into account, and these may be substantial barriers to dispersal in these birds. For 
example, the longest distance between collection localities for two “sympatric” 
populations in this study is ~272 km between spectabilis and melaena on New Britain, 
whereas the shortest distance between two “allopatric” localities is ~78 km between 
spectabilis on New Britain and forbesi on New Ireland. However, those ~78 km are 
across the St. George Channel between New Britain and New Ireland, presumably a 
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major barrier, whereas the ~272 km across New Britain lacks any significant 
impediments to dispersal. 
Variation on the Z chromosome corresponds somewhat more closely to species 
identity than autosomal variation. Based on the PCA results, all conspecific populations 
show greater  similarity at Z-linked loci than at autosomal loci (Figure 2.9). This is 
similar to a result found in hybridizing Ficedula flycatchers (Borge et al. 2005). Elevated 
divergence on the Z is likely due to some combination of higher rates of evolution 
(Axelsson et al. 2004, Ellegren & Fridofsson 1997), higher rates of fixation (Mank et al. 
2007, Sundstrom et al. 2004), reduced effective population size (Charlesworth 2009, 
Mank et al. 2010), and lower rates of recombination (Backstrom et al. 2006, Saetre et al. 
2003, Sundstrom et al. 2004). Three populations (stygia from the Trans-Fly, caniceps 
from Central Province, and spectabilis from Madang Province) that are broadly similar to 
sympatric species at autosomal loci have divergent Z-chromosomes that appear to be 
genetically intermediate between those of other birds from mainland PNG and those from 
the islands of New Britain and New Ireland. This deviation from autosomal patterns may 
reflect a more recent shared ancestry of the Z chromosomes among these three species. L. 
stygia appears to be polymorphic for this divergent Z chromosome, as several individuals 
are genetically intermediate between spectabilis and stygia and the other mainland and 
Australia species. This could be the result of hybridization with nevermanni, which has 
the mainland PNG/Australia Z chromosome, a hypothesis supported by the presence of a 
single nevermanni individual that appears to have a stygia Z chromosome as well. 
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The pattern of elevated similarity in sympatry vs. allopatry is suggestive of gene 
flow among sympatric populations, particularly given that species are more similar to 
sympatric heterospecifics at presumably neutral genomic loci than they are to allopatric 
populations of their own species. Though overall mitochondrial and genomic similarity 
suggest that the 12 Lonchura species represent an extremely recent and rapid radiation, 
the number of replicate examples of elevated similarity in sympatry makes it unlikely that 
this pattern could be due to incomplete lineage sorting, and the distribution of rare alleles 
further supports gene flow as the best explanation for similarity between sympatric 
species. 
Another possible explanation is that munia species evolved in sympatry, such that 
shared genetic variation between sympatric populations is reflective of recent shared 
ancestry as well as gene flow during the speciation process. This hypothesis would 
require the parallel evolution of plumage patterns in each population of castaneothorax, 
spectabilis, grandis, and melaena. While repeated evolution of complex plumage patterns 
has been reported in avian taxa (Allan et al. 2003, Moore et al. 2006, Omland & Lanyon 
2000), sympatric speciation is extremely rare in birds (Coyne & Price 2000, Phillimore et 
al. 2008, Price 2008; but see Ryan et al. 2007, Sorenson et al. 2003). In addition, the 
significant heterogeneity observed among autosomal, Z-linked, and mtDNA loci is 
difficult to reconcile with this hypothesis. Under a scenario of sympatric speciation with 
gene flow, genomic divergence in neutral regions is expected to remain low and be 
geographically structured. However, with relatively high rates of gene flow, genomic 
variation should be roughly concordant across neutral genomic markers. The Z-
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chromosome is increasingly implicated in the evolution of reproductive isolation in birds 
(Borges et al. 2005, Carling & Brumfield 2009, Qvarnstrom & Bailey 2008, Saether et al. 
2007, Saetre et al. 2003, Storchova et al. 2010), and Z-linked loci may be less likely to be 
neutral. Nonetheless, the discordance I observed between autosomal, Z-linked, and 
mitochondrial variation is unlikely in a scenario of multiple cases of sympatric 
speciation. It better supports a hypothesis of initial divergence in allopatry followed by 
gene flow and introgression upon secondary contact. For example, stygia and 
nevermanni, which occur in sympatry in the Trans-Fly region of PNG, are broadly 
similar at autosomal genomic markers (Table 2.1; Figure 2.8) but have divergent ND2 
haplotypes (Figure 2.2). Lonchura nevermanni is very similar to castaneothorax and 
flaviprymna from Australia in all comparisons, but stygia is divergent at both 
mitochondrial and Z-linked loci (Figures 2.2 and 2.9). The same is true of castaneothorax 
and spectabilis in Madang. This can potentially be explained by sex-biased introgression 
as the result of differential success or survival of hybrids. Haldane’s rule suggests that 
hybrid individuals of the heterogametic sex are more likely to experience the effects of 
recessive deleterious alleles because they possess only a single copy of both sex 
chromosomes (Haldane 1922). In birds, females are the heterogametic sex. Because 
mitochondrial DNA is maternally inherited, male hybrids represent dead ends for the 
transmission of mitochondrial haplotypes to their offspring. This provides a mechanism 
by which two populations could hybridize and experience substantial gene flow at 
autosomal loci while maintaining divergent mitochondrial haplotypes. 
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Intriguingly, the opposite pattern is also observed: some populations that share 
ND2 haplotypes are relatively divergent at autosomal RAD-seq loci. This is particularly 
striking when comparing the two grandis populations to the other mainland PNG 
populations (Figures 2.2, 2.8). This cannot be explained by Haldane’s rule; rather, the 
best explanation is female-biased introgression, resulting in the transfer of mitochondrial 
haplotypes across species boundaries. For example, if a female caniceps mated with a 
male grandis, the F1 females would have caniceps haplotypes. Even if these hybrids 
backcrossed exclusively to grandis, maintaining differentiation at the nuclear genome, 
their caniceps mitochondrial haplotypes could be preserved. 
I hypothesize that the ten species studied here diversified during periods of 
allopatry and subsequently came back into sympatry through a series of colonization 
events between different regions in New Guinea, the Bismarck Islands, and Australia. 
Though it is difficult to conclusively discriminate among a range of plausible 
phylogeographic hypotheses based on these data, it is possible to hypothesize some of the 
circumstances under which the patterns we see may have emerged. 
Despite the overall similarity of mitochondrial ND2 across all ten species, grandis 
is the most divergent of the ten species at autosomal and Z-linked loci and is perhaps a 
more basal taxon that assimilated the mitochondrial DNA of other species upon 
secondary contact. 
Z chromosome variation supports a common ancestor shared by spectabilis, 
stygia, and caniceps. I hypothesize that the ancestor of these three species colonized 
different regions of New Guinea, and these three taxa speciated in isolation from one 
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another. It seems likely that the ancestor(s) of the Bismark Island species came from this 
group as well, due to similarity of the Z chromosome. The populations on New Britain 
and New Ireland are closely related in every dataset except mtDNA (where melaena is 
divergent); either these species have interbred extensively, or they speciated in situ on the 
islands through a series of colonization events between New Britain and New Ireland. 
Lonchura spectabilis may have colonized New Britain and subsequently colonized New 
Ireland twice, to give rise to forbesi and hunsteini. Alternatively, caniceps may have 
colonized all three islands and diverged into spectabilis, forbesi, and hunsteini, with 
spectabilis then re-colonizing mainland PNG. Mitochondrial DNA suggests that the 
ancestor of melaena may have been castaneothorax or grandis, and that it obtained the Z-
chromosome of the island birds and possibly its dark bill by interbreeding with 
spectabilis. Mainland spectabilis may have similarly obtained its pale bill through 
introgression with castaneothorax in Madang. Melaena later colonized Buka, giving rise 
to L. m. bukaensis, which colonized New Ireland relatively recently (Gregory 2007). 
Due to their overwhelming genomic similarity, it seems reasonable that 
castaneothorax, flaviprymna, and nevermanni share a common ancestor that colonized 
Australia from New Guinea. L. flaviprymna may have evolved in Western Australia, with 
castaneothorax from Queensland later expanding its range across northern Australia and 
coming into sympatry with flaviprymna. Either flaviprymna or castaneothorax colonized 
the Trans-Fly of New Guinea and evolved into nevermanni. Later, castaneothorax from 
Australia may have colonized New Guinea, coming into contact with caniceps, 
spectabilis, and grandis. Whenever these species came into contact with another member 
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of the radiation, they hybridized. But the genes responsible for species-specific 
differences were maintained by selection against hybrids. 
The above scenario is only one of multiple possibilities for the pattern of 
diversification in Lonchura. It is clear that this radiation is an example of a system in 
which a simple, tree-like pattern of divergence does not sufficiently describe the history 
of speciation. Instead, different portions of the Lonchura genome have different 
phylogenetic histories as a result of mutation, genetic drift, selection, and introgression. 
This study demonstrates the importance of using multiple types of genomic markers to 
investigate the history of populations. With only mitochondrial data, there is no evidence 
for introgression between many species pairs, such as nevermanni and stygia, melaena 
and spectabilis, and castaneothorax and spectabilis. Likewise, the similarity between 
spectabilis, stygia, and caniceps at Z-linked markers provides evidence for a historical 
relationship that is not evident in the autosomal data. A combination of mitochondrial, 
autosomal, and Z-linked markers may be necessary to adequately characterize genomic 
variation in systems with the potential for introgression and/or recent shared ancestry. 
These results also provide a key insight into the nature of a species and the 
genomic structure of speciation. The classic allopatric model may explain the early stages 
of speciation in the Lonchura radiation, as ancestral populations diverged in different 
regions of New Guinea and Australia. However, the Lonchura radiation deviates from 
this model once the species come into contact with one another in sympatry. Substantial 
introgression appears to have homogenized most of their genomes, presumably leaving 
only a handful of loci that remain divergent between species. In contrast to the view that 
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speciation is a process requiring whole-genome divergence, these results suggest that 
only a very small percentage of the genome may be necessary to maintain species identity 
(Mallet 1995, Wu 2001, Wu & Ting 2004). Identifying these divergent loci has the 
potential to reveal what genes are responsible for species-specific traits in this group (see 
Chapter 3). 	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TABLES AND FIGURES 
 
Table 2.1. Mean pairwise ΦST values for all populations at autosomal (below diagonal) and Z-linked (above diagonal) ddRAD-
seq loci. CE = Central Province, MB = Milne Bay Province, MD = Madang Province, NB = New Britain, NH = New Hanover, 
NI = New Ireland, QL = Queensland (Australia), WA = Western Australia, TF = Trans-Fly, Western Province. Cani = 
caniceps, cast = castaneothorax, flav = flaviprymna, forb = forbesi, gran = grandis, huns = hunsteini, mela = melaena, neve = 
nevermanni, spec = spectabilis, styg = stygia. 
 cast QL 
cast  
WA 
flav 
WA 
cast 
CE 
cani 
CE 
cast 
MB 
gran 
MB 
cast 
MD 
gran 
MD 
spec 
MD 
neve 
TF 
styg 
TF 
spec 
NB 
mela 
NB 
forb 
NI 
mela 
NI 
huns 
NI 
huns 
NH 
cast QL - 0.032 0.080 0.181 0.414 0.177 0.588 0.157 0.478 0.377 0.068 0.290 0.540 0.572 0.570 0.588 0.593 0.615 
cast WA 0.004 - 0.047 0.148 0.411 0.143 0.558 0.126 0.471 0.378 0.043 0.296 0.530 0.558 0.562 0.574 0.574 0.595 
flav WA 0.017 0.007 - 0.184 0.408 0.181 0.556 0.161 0.473 0.373 0.067 0.298 0.522 0.552 0.553 0.567 0.566 0.587 
cast CE 0.058 0.059 0.069 - 0.474 0.019 0.620 0.093 0.528 0.439 0.155 0.380 0.593 0.625 0.618 0.647 0.634 0.655 
cani CE 0.068 0.067 0.079 0.066 - 0.470 0.522 0.465 0.432 0.086 0.382 0.224 0.272 0.303 0.318 0.344 0.322 0.365 
cast MB 0.061 0.060 0.071 0.011 0.073 - 0.611 0.086 0.519 0.435 0.152 0.375 0.583 0.615 0.610 0.637 0.626 0.647 
gran MB 0.274 0.254 0.268 0.241 0.261 0.242 - 0.601 0.296 0.473 0.530 0.422 0.651 0.689 0.686 0.734 0.706 0.729 
cast MD 0.043 0.043 0.054 0.042 0.058 0.043 0.221 - 0.509 0.419 0.128 0.360 0.575 0.603 0.598 0.621 0.615 0.635 
gran MD 0.160 0.154 0.166 0.143 0.161 0.146 0.212 0.114 - 0.394 0.444 0.301 0.559 0.591 0.590 0.611 0.602 0.628 
spec MD 0.052 0.051 0.062 0.056 0.057 0.058 0.228 0.027 0.120 - 0.347 0.199 0.233 0.259 0.281 0.301 0.288 0.325 
neve TF 0.031 0.029 0.038 0.074 0.074 0.075 0.263 0.057 0.166 0.061 - 0.267 0.501 0.528 0.528 0.538 0.542 0.565 
styg TF 0.064 0.063 0.074 0.098 0.101 0.098 0.279 0.078 0.180 0.081 0.061 - 0.354 0.383 0.392 0.401 0.403 0.430 
spec NB 0.189 0.179 0.192 0.193 0.191 0.192 0.359 0.166 0.260 0.161 0.186 0.212 - 0.175 0.238 0.309 0.257 0.264 
mela NB 0.224 0.210 0.221 0.220 0.221 0.223 0.391 0.200 0.289 0.197 0.217 0.243 0.148 - 0.230 0.290 0.264 0.296 
forb NI 0.256 0.240 0.252 0.250 0.249 0.251 0.414 0.229 0.316 0.222 0.244 0.271 0.167 0.168 - 0.229 0.194 0.211 
mela NI 0.282 0.258 0.272 0.273 0.276 0.274 0.450 0.250 0.342 0.247 0.266 0.292 0.219 0.214 0.166 - 0.245 0.284 
huns NI 0.266 0.247 0.259 0.262 0.263 0.263 0.432 0.240 0.330 0.237 0.254 0.280 0.192 0.182 0.137 0.132 - 0.134 
huns NH 0.298 0.274 0.287 0.288 0.287 0.288 0.452 0.266 0.354 0.265 0.280 0.307 0.226 0.213 0.162 0.177 0.107 - 
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Table 2.2. Principal components scores for the first 14 axes of the PCA run on autosomal ddRAD-seq data. Scores over 20 are 
in bold to show variation in the populations distinguished by each PC. 
 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 
Standard 
Deviation 39.345 30.917 24.477 23.564 20.805 18.965 18.124 17.002 16.681 14.960 13.546 13.033 12.057 11.972 
Proportion 
of Variance 0.0547 0.0338 0.0212 0.0196 0.0153 0.0127 0.0116 0.0102 0.0098 0.0079 0.0065 0.0060 0.0051 0.0051 
Cumulative 
Proportion 0.0547 0.0885 0.1097 0.1293 0.1446 0.1573 0.1689 0.1791 0.1889 0.1969 0.2033 0.2093 0.2145 0.2195 
 
Average PC Scores for Each Population 
           
castQL -24.647 25.550 8.280 -1.218 26.421 -4.883 1.121 -8.126 4.759 -0.360 -0.959 0.093 -33.280 21.547 
castWA -26.734 27.115 9.852 -1.684 33.018 -7.971 2.480 -14.265 9.431 -0.168 0.738 0.397 -19.718 12.753 
flavWA -28.075 29.727 11.692 -1.808 43.359 -11.386 3.514 -23.715 16.209 0.783 3.382 0.743 26.612 -17.359 
castCE -28.615 5.820 -39.613 -23.290 -21.004 -23.255 0.505 4.121 8.611 -0.406 3.051 0.338 3.046 0.741 
caniCE -24.037 11.806 -27.406 -15.213 -4.218 64.157 18.251 2.409 15.620 -0.287 -2.061 0.152 0.894 -0.956 
castMB -27.965 5.453 -38.344 -22.776 -21.672 -27.876 -1.288 4.489 8.099 1.153 3.389 -1.127 -1.841 -0.960 
granMB -33.881 -95.199 37.779 -40.334 5.120 1.445 0.891 0.032 0.408 -0.239 0.064 0.072 -0.121 0.121 
castMD -22.493 2.156 -13.433 5.161 1.404 0.910 -8.219 -10.414 -34.447 -1.359 -40.688 3.910 1.707 -2.920 
granMD -30.870 -51.161 -18.395 77.602 0.219 -3.790 6.480 3.865 13.289 0.101 1.767 -0.183 -0.132 0.172 
specMD -19.825 3.054 -10.756 5.831 2.106 11.118 -10.795 -10.480 -45.160 -2.296 31.713 -3.290 1.607 0.342 
neveTF -27.262 31.761 27.229 3.827 12.253 -2.933 1.878 59.079 -8.236 0.510 -0.471 0.033 3.865 -2.121 
stygTF -29.883 35.685 57.627 14.694 -56.934 1.844 0.736 -17.762 6.312 -0.007 0.246 0.009 0.713 -0.605 
specNB 41.583 -1.843 -1.134 1.199 0.972 9.733 -47.809 1.914 11.205 40.198 -1.009 -8.767 0.678 0.942 
melaNB 48.876 -1.144 0.118 0.635 0.693 5.727 -36.466 2.851 12.524 -47.452 -1.395 -4.847 0.979 0.318 
forbNI 59.030 -2.429 0.701 -0.106 -1.527 -1.517 5.200 0.525 -0.606 3.948 5.230 43.737 -8.265 -12.035 
melaNI 61.993 -1.813 1.764 -0.549 -1.003 -4.643 21.595 -1.554 -4.825 2.597 -0.394 4.858 27.087 40.393 
hunsNI 61.495 -1.769 2.036 -0.344 -0.443 -5.296 20.460 -0.934 -3.960 1.786 -1.401 -10.796 2.115 3.465 
hunsNH 62.846 -1.659 2.228 -0.838 -0.715 -6.139 26.959 -1.227 -4.828 2.071 -1.802 -24.622 -12.192 -19.024 
hybrid -30.798 -34.765 -7.618 -22.604 -6.708 -12.914 1.472 1.865 3.090 -1.145 4.336 -1.373 -0.060 -3.146 
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Figure 2.1. Ratio of male to female read depth for RAD-seq loci plotted against the 
difference in heterozygosity between the sexes. Z-linked loci are expected to have twice 
as many reads for males as for females. As females cannot be heterozygous for Z-linked 
loci, the difference in between male and female heterozygosity should be above zero. 
Blue = autosomal loci, red = Z-linked loci. 
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Figure 2.2. Mitochondrial haplotype network for 1,088 bp of ND2. Each circle represents 
a unique haplotype. The size of circles are proportional to the number of individuals that 
share that haplotype. Hashmarks and empty circles indicate inferred haplotypes. 
Individuals are color-coded by population. 
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Figure 2.3 Boxplot of mean ΦST values in conspecific allopatric, heterospecific 
sympatric, and heterospecific allopatric comparisons of Lonchura populations. 
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Figure 2.4 Boxplot of mean Z-linked ΦST values in conspecific allopatric, heterospecific 
sympatric, and heterospecific allopatric comparisons of Lonchura populations. 
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Figure 2.5. Autosomal (top) and Z-linked (bottom) nucleotide diversity by population. 
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Figure 2.6. Plot of the log likelihood from the STRUCTURE analysis for values of k 
from 2-18. 
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Figure 2.7. Plots of STRUCTURE results with the number of clusters assumed (K) set to 
2, 3, 4, 7, and 9. Likelihood values plateaued with values of K higher than nine, and 
many mainland PNG and Australia populations are no longer differentiated at higher 
values of K. 
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K=7 
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Figure 2.8. Plot of the first two principal components of a PCA run on autosomal RAD-
seq data for (A) All individuals; (B) Australia and New Guinea populations, excluding 
grandis; (C) New Britain and New Ireland populations. Colors indicate species with 
different shades for different populations, as in Figure 2.2. Shapes indicate locality: 
Circles = Central, Milne Bay, and New Hanover; squares = Australia and New Ireland; 
diamonds = Madang; triangles = Western Province; inverted triangles = New Britain. 
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Figure 2.9. Plot of the first two principal components of a PCA run on Z-linked RAD-
seq data for all individuals. Colors indicate species with different shades for different 
populations, as in Figure 2.2. Shapes indicate locality: Circles = Central, Milne Bay, and 
New Hanover; squares = Australia and New Ireland; diamonds = Madang; triangles = 
Western Province; inverted triangles = New Britain. 
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Figure 2.10. The proportion of observed/expected rare alleles shared between the two 
Australian species (castaneothorax, top, and flaviprymna, bottom) and each of the other 
mainland PNG/Australia populations. After private alleles shared within populations, 
Lonchura castaneothorax shares the most rare alleles with flaviprymna, and vice versa.  
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Figure 2.11. The proportion of observed/expected rare alleles shared between the two 
Trans-Fly species (nevermanni, top, and stygia, bottom) and each of the other mainland 
PNG/Australia populations. After private alleles shared within its own population, 
nevermanni shares the most rare alleles with stygia, and vice versa.  
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Figure 2.12. The proportion of observed/expected rare alleles shared between the two 
Central Province populations (castaneothorax, top, and caniceps, bottom) and each of the 
other mainland PNG/Australia populations. Lonchura castaneothorax shares the most 
rare alleles with a conspecific population in Milne Bay; however, it shares more rare 
alleles with caniceps than any other heterospecific population and even some conspecific 
populations. After private alleles shared within its own population, caniceps shares the 
most rare alleles with sympatric castaneothorax.  
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Figure 2.13. The proportion of observed/expected rare alleles shared between the three 
Madang populations (castaneothorax, top, spectabilis, center, and grandis, bottom) and 
each of the other mainland PNG/Australia populations. After alleles shared within their 
own populations, both castaneothorax and spectabilis share the most rare alleles with 
each other. However, they do not share more with grandis from Madang than with the 
other populations considered. Grandis from Madang, however, shares the most rare 
alleles with both castaneothorax and spectabilis after its own population, and very few 
with conspecific grandis from Milne Bay. 
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Figure 2.14. The proportion of observed/expected rare alleles shared between the two 
Milne Bay populations (castaneothorax, top, and grandis, bottom) and each of the other 
mainland PNG/Australia populations. Lonchura castaneothorax share the most rare 
alleles with its own population and a conspecific population from Central Province. It 
shares very few rare alleles with grandis from Milne Bay. However, grandis shares the 
most rare alleles with sympatric castaneothorax after its own population. 
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Figure 2.15. Plot of autosomal ΦST as a function of geographic distance (top) and 
summed tetrahedral color distance (bottom). Species comparisons are divided into 
conspecific, sympatric heterospecific, and allopatric heterospecific comparisons, as well 
as comparisons involving L. grandis, which is unexpectedly divergent from the other 
species in the radiation. Mantel tests found no correlation between ΦST and either 
variable. Regression analysis of the subsets of the data only reveals correlation in 
sympatric comparisons (geographic distance, R2 = 0.3608; color distance, R2 = 0.7078). 	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CHAPTER THREE: Genomic “islands of divergence” in Lonchura munias 
 
INTRODUCTION 
Speciation research has often focused on the role of geographic isolation, but 
there is growing interest among evolutionary biologists in natural and sexual selection as 
important drivers of speciation, particularly in the context of “divergence-with-gene-
flow” and “isolation-by-adaptation” models. These models predict heterogeneous 
patterns of genomic divergence, with selection maintaining “islands of divergence” 
around the presumably small number of loci responsible for phenotypic differences 
between newly evolved species (Turner et al. 2005, Via & West 2008, Wu 2001, Wu & 
Ting 2004). Examples of nascent species with “porous” genomes, whether in the context 
of sympatric speciation or secondary contact, are of great interest because they offer an 
opportunity to characterize the location, size, and number of genomic regions diverging 
early in the speciation process (Butlin 2010, Feder & Nosil 2010, Kornforst et al. 2013, 
Nosil & Feder 2013, Wolf et al. 2010). Infrequent hybridization may also foster 
adaptation by transferring beneficial traits between established species (Clarkson et al. 
2014, Hedrick 2013, Norris et al. 2015, The Heliconius Genome Consortium 2012), 
generating additional heterogeneity in the history of genomic regions. 
Mosaic patterns of divergence have been described in a variety of taxa, often 
based on limited sampling of the genome (Backstrom et al. 2010, Carniero et al. 2010, 
Emelianov et al. 2004, Harr 2006, Michel et al. 2010, Nadeau et al. 2012, Nosil et al. 
2008, Payseur et al. 2005); more recent studies, however, have exploited advances in 
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DNA sequencing technology to densely sample the genome (Gagnaire et al. 2013, Keller 
et al. 2013) or generate whole genome sequence data (Ellegren et al. 2012, Garrigan et 
al. 2012, Lamichhaney et al. 2015, Martin et al. 2013, Poelstra et al. 2014, The 
Heliconius Genome Consortium 2012), an increasingly feasible approach for population 
samples of non-model organisms. In birds, whole genome sequencing has recently been 
used to describe genomic patterns of divergence in two model systems, the Ficedula 
flycatchers (Ellegren et al. 2012) and Darwin’s finches (Lamichhaney et al. 2015). Both 
studies found that divergence was heterogeneous throughout the genome, and identified 
regions of significantly elevated differentiation. In the comparison of two hybridizing 
species of Ficedula, many of these regions were associated with centromeres and 
telomeres, and no candidate loci for phenotypic differences between the two species were 
found (Ellegren et al. 2012). In contrast, the multi-species analysis of Darwin’s finches 
pinpointed several loci potentially influencing bill shape, as well as evidence for 
substantial introgression between species (Lamichhaney et al. 2015). 
 In this chapter, I use whole-genome sequencing to characterize the structure of 
genomic variation in ten of 12 species comprising an extraordinarily recent and rapid 
radiation in the genus Lonchura. Like Darwin’s finches, this group includes examples of 
closely-related species living in sympatry. A genome scan using ddRAD-seq loci 
revealed that genetic structure in this group largely corresponds to geography rather than 
species identity (see Chapter 2), supporting the hypothesis that substantial gene flow has 
occurred between sympatric populations and suggesting that species-specific phenotypes 
in this group have likely evolved through fixation of alleles at a relatively small number 
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of loci and that these are maintained despite extensive inter-specific gene flow. Though 
genome-wide variation appears to be largely uncoupled from phenotypic variation, I 
predict that alleles at some loci will be correlated with plumage and morphometric traits. 
I also test three alternative, but not mutually exclusive, hypotheses for the origin of the 
genetic variants involved in species divergence in this system: (1) each species 
accumulates novel (i.e., derived) variants at a unique set of loci; (2) each species has 
novel genetic variants, but these arise at a small subset of loci that are repeatedly 
involved in speciation; (3) selection results in differential sorting of ancestral variants; or 
(4) genetic variants are transferred between species by introgressive hybridization, 
resulting in novel phenotypes generated by unique combinations of alleles across a subset 
of loci. 
 
METHODS 
Sampling 
 Samples were collected in Australia and Papua New Guinea (PNG) as described 
in Chapter 1. Whole-genome sequencing data were generated for samples I collected in 
PNG and Australia plus nine castaneothorax samples from Queensland and one 
individual of Lonchura leucosticta obtained from other sources. The latter sample was 
included as an outgroup. In total, 177 individuals were included in the whole genome 
analyses, including 10 individuals of each population sampled except for caniceps from 
Central Province, PNG (n = 9), castaneothorax from Queensland, Australia (n = 9),  and 
melaena from New Ireland Province, PNG (n = 7) (Table A.2).  
	   85 
Library preparation and sequencing 
 Genomic libraries were prepared using Illumina’s Nextera kit (Illumina, San 
Diego, CA). While the kit is optimized for an input of 50 ng of genomic DNA, I found 
that this amount was not sufficiently fragmented in the tagmentation step, resulting in an 
excess of fragments too large for cluster generation on an Illumina sequencer. I tested the 
kit with a number of different starting amounts and achieved the best results when using 
25-45 ng of input material, with DNA concentration measured using a Nanodrop 
(Thermo Scientific, Hudson, NH) rather than the suggested Qubit (Life Technologies, 
Carlsbad, CA). I also prepared my own SPRI beads (Roland & Reich 2012) rather than 
using Agencourt AMPure XP beads (Beckman Coulter, Danvers, MA). Otherwise, I 
followed Illumina’s recommended procedure for preparing Nextera libraries. Following 
library prep, all libraries were run at a 1:3 dilution on an Agilent 2100 Bioanalyzer using 
a High Sensitivity DNA Analysis kit (Agilent, Santa Clara, CA) to assess fragment size 
and library concentration. I pooled individual, dual-indexed libraries in equimolar 
amounts, combining 20-39 individuals per sequencing run. 
 Results from the first two sequencing runs revealed an excess of fragments shorter 
than the read length, resulting in many sequence reads continuing into the adapters on the 
opposite end of the fragment and, by making the read redundant, reducing the overall 
yield of useful data. Subsequent pooled libraries were therefore size-selected for 
fragments between 400-1400 bp using a Pippin Prep (Sage Science, Beverley, MA). 
Fragment libraries were sequenced on either an Illumina HiSeq 2000 with 100 bp paired-
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end reads (castaneothorax and flaviprymna from Australia) or on an Illumina HiSeq 2500 
in RAPID mode with 150 bp paired-end reads (all other populations). 
 Reads were assigned to individual samples using Nextera’s dual indexing system. 
Imperfect eight base pair index reads were assigned to samples if they differed from one 
expected index by one (or two) bases and from all other indices by two or more bases (or 
four or more bases. These reads were parsed out and combined with assigned reads using 
a custom script. Adapter sequences were then removed from the fastq files using 
CutAdapt (Martin 2011), allowing for 15% mismatch, a minimum adapter length of 12 
bp, and a minimum fragment length of 20 bp. Paired reads that overlapped were 
combined using PEAR (Zhang et al. 2014) with a minimum overlap of 30 bp, which also 
resulted in the trimming of remaining adapter sequences. Low-quality bases at the end of 
non-overlapping reads were trimmed using custom scripts. I built a reference genome 
using the zebra finch (Taeniopygia guttata) genome (Warren et al. 2010) using Bowtie2 
(Langmead and Salzberg 2012) and Picard (http://broadinstitute.github.io/picard). Reads 
were aligned to this genome with Bowtie2 using the “very sensitive local” alignment 
algorithm. Subsequent filtering and editing such as indel realignment was done using 
Picard, Samtools (Li et al. 2009), and the Genome Analysis Toolkit (GATK) (DePristo et 
al. 2011, McKenna et al. 2010, Van der Auwera et al. 2013). SNPs were called and 
filtered using GATK and VCFtools (Danecek et al. 2011). 
 The 177 individuals comprised seven to ten individuals from each of 18 
populations plus one putative hybrid and one outgroup sample. Using custom scripts, I 
calculated SNP-wise FST for nine pairwise combinations of populations or groups of 
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populations (Table 3.1). Comparisons of sympatric populations of different species that 
exhibit low overall genetic differentiation are of particular interest, as regions that are 
differentiated between these populations are likely to be targets of selection. I therefore 
compared castaneothorax and flaviprymna from Western Australia, castaneothorax and 
spectabilis from Madang Province, castaneothorax and caniceps from Central Province, 
nevermanni and stygia from the Trans-Fly region of Western Province, spectabilis and 
melaena from New Britain, and hunsteini and melaena from New Ireland. I also included 
nevermanni and flaviprymna due to their overall genomic similarity. The final two 
analyses were run on combinations of populations based on phenotypic traits, comparing 
dark- and pale-billed populations and large- and small-billed populations.  
For each comparison of two populations, only sites with sequence data (at least 
one read) for at least six individuals in each population were included. When groups of 
populations were compared, this number was increased to 20, and a polymorphism 
threshold of 0.05 (rare allele frequency <0.05 in at least one of the two populations) was 
applied to exclude low-frequency alleles. SNP-wise FST values were averaged in sliding 
windows of 1000, 10000, and 100000 bp. Outlier SNPs were pinpointed by filtering out 
the top 0.1% of FST values in each comparison separately for autosomal and Z-linked 
loci. The density of outlier and fixed SNPs and the proportion of outlier and fixed SNPs 
were also calculated for each window. 
 I defined “islands of differentiation” on autosomes as any region with 15 or more 
outlier SNPs in 10,000 bp or less (outlier density = 0.0015). I identified the edges of these 
islands as the first 10,000 bp window on either side of the region where the proportion of 
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outlier SNPs returned to genome-wide levels. If multiple population comparisons showed 
elevated divergence in the same region, the leftmost and rightmost windows in any 
comparisons were taken as the edges of the island. When several regions with high 
outlier density were located in close proximity, these edges of a defined “island” were 
sometimes expanded to encompass the entire region. As it was difficult to develop an 
objective measure of island size in these cases, determining what constituted one island 
vs. several was sometimes subjective. 
 This process was repeated on the Z-chromosome with different criteria. On the Z, 
the top 0.1% of FST values was comprised entirely of fixed SNPs in many cases. Islands 
were identified as regions with 10 or more outlier SNPs in 10,000 bp or less (outlier 
density = 0.001) because outlier density was slightly reduced overall in comparison to the 
autosomes. Two comparisons, castaneothorax with flaviprymna from Western Australia 
and flaviprymna from Western Australia with nevermanni from the Trans-Fly of PNG, 
had no regions with an outlier density of 0.001, so I considered islands with an outlier 
density of 0.0004 or greater. Evidence of a large inversion encompassing ~22 mb in the 
center of the Z-chromosome was found to discriminate four of the ten species from the 
others (see Results). Because divergence was so high in this region in comparisons 
between species with alternative states for the putative inversion, it was excluded from 
consideration when scanning for islands in comparisons of populations with different 
states for the inversion (castaneothorax vs. spectabilis, castaneothorax vs. caniceps, 
nevermanni vs. stygia). Principal Components Analysis (PCA) was run on ddRAD-seq 
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markers (see Chapter 2) mapping to portions of the Z chromosome inside and outside the 
inverted region, respectively, to examine differences in genetic structure. 
 Genes contained in islands were identified using the Zebra Finch genome 
annotation in the Ensembl genome browser (Cunningham et al. 2015). The positions of 
centromeres were estimated for the large chromosomes (1A, 1-8, Z) using the positions 
of FISH probes from either side of centromeres in Warren et al. (2010). Though the 
positions on smaller chromosomes are uncertain, they are believed to be acro- or telo-
centric (Ellegren et al. 2012), so I counted any islands near the ends of these 
chromosomes as overlapping centromeres (within 1 million bp of the ends for 
chromosomes 9-20, within 500,000 bp for chromosomes 21-28). For each island, I ran a 
Principal Components Analysis (PCA) on genetic variation in all individuals; most likely 
genotypes at bi-allelic SNPs were scored as 0, 0.5 (heterozygous) or 1, while samples 
with missing data were assigned a value equal to the overall allele frequency for each 
population. I also investigated population structure at three candidate genes that were not 
included in any of these divergent regions: the melanocortin-1 receptor (MC1R), which is 
involved in plumage coloration in many bird species (Baiao et al. 2007, Mundy et al. 
2004, Nadeau et al. 2006, Theron et al. 2001, Uy et al. 2009), and two loci associated 
with beak shape in Darwin’s finches, bone morphogenic protein 4 (BMP4) (Abzhanov et 
al. 2004) and ALX homeobox 1 (ALX1) (Lamichhaney et al. 2015). 
Analysis of the mitochondrial ND2 gene reveals genetic structure that is divergent 
from patterns at nuclear loci (see Chapter 2). In order to further investigate this, I 
generated whole mitochondrial genome sequences for all 177 individuals. First I built a 
	   90 
draft mitochondrial genome of a single individual of L. flaviprymna (KFS001) by 
aligning reads from this individual to the complete mitochondrial genome of the zebra 
finch. A second iteration using the draft genome for KFS001 as the reference allowed me 
to construct a finalized, complete sequence for this sample, which was then used as the 
reference for all other samples. Coverage ranged from ~70x to ~10000x per sample, with 
400x to 1000x being typical, resulting in complete and presumably accurate 
mitochondrial genomes. I excluded three short regions from phylogenetic analysis of the 
data; this included two regions with mononucleotide C repeats that had a variable number 
of Cs both within and among samples (12 and 18 alignment positions, respectively), and 
a 5 bp stretch in which two bases appeared to be heteroplasmic in several samples. The 
resulting alignment was 16,803 bp. I generated a mitochondrial phylogeny using BEAST 
(Drummond et al. 2012), implementing an HKY model with parameters for invariant 
sites and gamma-distributed rates (HKY + I + G). I used a chain length of 25 million 
generations sampled every 5000 generations using an uncorrelated lognormal relaxed 
clock and a coalescent constant size tree prior. The trace file was examined for 
convergence in Tracer v.1.4 (Rambaut & Drummond 2007). A consensus tree with 
posterior probabilities was constructed using TreeAnnotator v1.5.4, part of the BEAST 
package. The burnin was set to 10%, or 2500 trees. 
 
RESULTS 
 The first sequencing run on castaneothorax and flaviprymna from Western 
Australia generated a total of 132 million 100-bp paired-end reads from 20 birds. The 
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subsequent five runs generated 1.44 billion 150-bp paired-end reads from 157 birds. 
Totals ranged from 1.2 million to 19.8 million read pairs per individual, with a median of 
8.5 million read pairs. In the first two sequencing runs with no size selection prior to 
sequencing, an excess of short fragments led to an average of 36% of reads being 
trimmed by CutAdapt, removing roughly 14% of the data. These percentages dropped to 
2.3% and 1% respectively once the size selection step was implemented. An average of 
37.6% of reads were found to overlap and so were combined by PEAR. An average of 
93.8% of processed reads aligned to the zebra finch genome. GATK called 58.9 million 
SNPs, 28.9 million of which were variable within the focal clade and represented in at 
least half of the samples. 
I identified a total of 135 non-overlapping regions of elevated differentiation in 
the nine comparisons based on the density of FST outliers (Table 3.1). These regions were 
located on 22 different chromosomes. For autosomes, the number of islands per 
chromosome was roughly correlated with chromosome length (Figure 3.1), whereas the Z 
chromosome had 61 islands, substantially more than any of the autosomes. 
Only 19 regions were identified in multiple comparisons (Figure 3.2), and just 
two were identified in four of the nine comparisons. The comparison with the largest 
number of divergent regions was between castaneothorax and caniceps from Central 
Province, PNG, with 42 islands. Island size ranged from 12,000 to 6.86 million bp, with a 
median size of 52,000 bp. Less than half of the regions (69) overlapped at least one 
annotated gene. 
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Twenty-nine islands overlapped the estimated positions of centromeres. It is 
unknown whether the smaller chromosomes are acro- or telo-centric, so islands at both 
ends were counted; however, only four of the microchromosomes had islands in these 
regions (chromosomes 19, 20, 23, and 28) and none had islands at both ends. Islands near 
centromeres were more likely to be found in multiple comparisons (31% vs. 9%). They 
also tended to be larger (median size = 82,000 bp vs. 51,000 bp). 
 When I examined genetic structure across all 18 populations at each of these 135 
divergent regions using PCA, 47 had no compelling population structure beyond 
separation of the two species in which the island was identified. Patterns of 
differentiation at another 30 regions corresponded more or less closely to the genome-
wide patterns of variation (e.g., as observed in the ddRAD-seq data, see Chapter 2), with 
differentiation between mainland populations, island populations, and/or grandis. The 
remaining loci exhibited substantial levels of variation in the level and patterns of 
population structure (Figure 3.2). 
At least three of the divergent regions examined occurred near genes with 
plausible effects on phenotypic traits of interest (Figure 3.3). A 344 kb segment of 
chromosome 20 that was identified in four comparisons (castaneothorax vs. flaviprymna, 
castaneothorax vs. caniceps, nevermanni vs. stygia, and dark-billed vs. pale-billed 
species) overlaps the gene coding for Agouti Signaling Protein (ASIP), which is involved 
in coloration in a number of mammalian and avian taxa (Berryere et al. 2005, Bonilla et 
al. 2005, Bultman et al. 1994, Drögemüller et al. 2006, Hiragaki et al. 2008; Nadeau et 
al. 2008, Rieder et al. 2001; Figure 3.4). PCA reveals that castaneothorax has a divergent 
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ASIP allele from all other species, and that grandis and stygia are also divergent from all 
other populations (Figure 3.5). 
Another locus with a clear connection to phenotype is KIT ligand (KITLG), which 
is located within a 430 kb segment of chr1 that was divergent between castaneothorax 
and caniceps, as well as between dark- and pale-billed birds. Mutations at KITLG cause 
pale phenotypes in sticklebacks (Millet et al. 2007) and humans (Williamson et al. 2007), 
and in Lonchura KITLG appears to be associated with bill color (Figure 3.6). In contrast 
to the pale blue bill of the species in Australia and mainland PNG, L. caniceps and all of 
the populations on the Bismarck Islands have a largely dark bill. Variation at KITLG 
coincides with this difference in bill color, and reduced nucleotide diversity in dark-billed 
species at this locus suggests that the dark-billed phenotype is derived. The remaining 
region overlapping a gene with potential effects on coloration was endothelin 3 (EDN3), 
which is involved in melanocyte development. Like KITLG, EDN3 is differentiated 
between dark-billed and pale-billed species (Figure 3.7). Finally, an island found in the 
comparison of large-billed and small-billed birds was ~250 kb upstream of cysteine rich 
transmembrane bone morphogenic protein (BMP) regulator 1 (CRIM1) and is correlated 
with bill size (Figure 3.8). BMPs are involved in craniofacial development, and Bmp4 is 
involved in bill shape in Darwin’s finches (Abzhanov et al. 2004). Variation at CRIM1 
may affect BMP expression during development, leading to differences in bill size and 
shape. 
Of the three additional candidate loci examined in detail, only MC1R exhibited 
obvious population structure (Figure 3.9). Variation at this locus was similar to that at the 
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gene for one of its antagonists, ASIP, except that stygia shares similar alleles to 
castaneothorax rather than grandis. Neither BMP4 nor ALX1 exhibited a correlation with 
bill size, and population structure was weak at both loci (Figure 3.10) 
 The Z-chromosome was found to have a large region (~22,000,000 bp) that 
exhibited highly elevated divergence between some species pairs (Figure 3.11). This 
result is consistent with a large chromosomal inversion that has reduced recombination in 
this region. The putative inversion splits castaneothorax, flaviprymna, grandis, and 
nevermanni from caniceps, forbesi, hunsteini, melaena, and spectabilis. This latter group 
includes all of the island species. The single population of stygia appears to have both 
variants, or perhaps a third, unique variant. Zebra finch and Lonchura leucosticta share 
alleles with both groups, making it difficult to determine which variant is ancestral. A 
PCA of ddRAD-seq markers mapping to portions of the Z chromosome inside and 
outside of the inversion reveals very different patterns of genomic similarity among 
species and demonstrates that the center of the chromosome (the location of the putative 
inversion) is responsible for the Z chromosome PCA results for stygia, caniceps, and 
spectabilis obtained in Chapter 2 (Figure 3.12). Outside of the inverted region, these three 
species are most similar to the other mainland PNG and Australia populations, but inside 
the inversion they cluster with the island populations. Stygia appears to be polymorphic 
for the inversion. 
 An average of 1.6% of sequence reads in each sample aligned to the KFS001 
mitochondrial draft genome. Phylogenetic analysis of the mitochondrial genome was 
concordant with patterns observed at ND2 (see Chapter 2; Figure 3.13), but offered 
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substantially greater resolution of relationships. There are two main mitochondrial clades, 
with populations largely grouped by geography rather than species identity, albeit with 
some exceptions. For example, nevermanni and stygia from Western Province, PNG, are 
in different clades. The same is true of spectabilis from Madang Province and the two 
populations it co-occurs with, castaneothorax and grandis. 
 
DISCUSSION 
Whole-genome sequencing of ten species of munias confirms that neutral 
genomic variation in the Lonchura radiation is largely decoupled from phenotypic 
variation and species identity. Genomic structure in this clade is heterogeneous, with a 
handful of genomic regions divergent between species (Figure 3.3). As predicted, some 
alleles at these outlier loci were correlated with plumage and morphometric traits, 
including alleles at loci that have been found to influence color and morphology in other 
taxa (see below). 
I find that all four hypotheses for the origin of alleles at outlier loci in Lonchura 
are supported in certain cases. Of the 135 divergence islands identified in the nine 
comparisons, 116 were found only in a single comparison. These results suggest that a 
large proportion of divergent regions may not be shared among multiple species. 
However, a smaller subset of the regions was divergent in multiple species comparisons, 
suggesting that these regions have been repeatedly involved in the evolution of species-
specific traits (Table 3.2). Other loci without obvious connections to phenotype were 
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identified in single comparisons but were similarly found to have alleles that were 
divergent between multiple populations.  
The high degree of heterogeneity across the Lonchura genome suggests that 
substantial gene flow has occurred among species, and similar alleles at loci potentially 
under selection occur in very different genomic backgrounds (Figure 3.1). For example, 
grandis and stygia have very similar alleles at Agouti Signaling Protein (ASIP), but very 
different patterns of both whole genome variation and variation at other functional loci. 
Lonchura caniceps shares alleles with the island populations at putative bill color loci 
(KITLG and EDN3) as well as several Z chromosome loci, but the remainder of the 
genome is more similar to the other mainland PNG populations. It is possible that such 
alleles have been transferred across species boundaries via hybridization. In most cases 
this would require currently allopatric populations to have been in contact at some point 
in the past, making this hypothesis difficult to test without better knowledge of historical 
phylogeography in this group. 
ASIP acts an antagonist to the melanocortin-1 receptor (MC1R) by binding to it 
and preventing the binding of α-melanocyte stimulating hormone (α -MSH). When α -
MSH binds MC1R, it activates a pathway that synthesizes eumelanin instead of 
phaeomelanin. Therefore, activation of ASIP generally causes lighter coloration, and 
inactivation of ASIP produces darker coloration. This locus has been associated with skin 
color in humans (Bonilla et al. 2005) and coat color in a number of mammalian taxa 
including mice (Bultman et al. 1994), pigs (Drögemüller et al. (2006), horses (Rieder et 
al. 2001), and dogs (Berryere et al. 2005). In birds, expression of ASIP has been found to 
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influence plumage color in Japanese quail (Hiragaki et al. 2008; Nadeau et al. 2008) and 
chickens (Oribe et al. 2012). In Lonchura, the ASIP locus is divergent in L. 
castaneothorax, which has the most elaborate plumage patterning of the group, and also 
in grandis and stygia, which are almost entirely black on their heads and ventral plumage 
(Figure 3.5). Where differentiation is elevated near ASIP, nucleotide diversity is lower in 
these three species, suggesting that their ASIP alleles have been under selection (Figure 
3.4). The remaining species exhibit a number of different plumage phenotypes, including 
another nearly all-black phenotype in hunsteini on New Hanover. As such, it is clear that 
ASIP is not solely responsible for plumage color variation in this group, but it does 
appear to play a role in creating species-specific patterns. 
 Another gene in this pathway that has been implicated in plumage coloration in 
other birds is MC1R (Baiao et al. 2007, Mundy et al. 2004, Nadeau et al. 2006, Theron et 
al. 2001, Uy et al. 2009). Mutation at MC1R is frequently associated with an all-black, 
melanistic phenotype. While the density of outlier SNPs in this region was not high 
enough in any comparison for it to be independently identified as an outlier region based 
on the criteria above, I investigated it as a candidate region for coloration based on 
previous studies. Structure of genetic variation at MC1R is somewhat similar to that of 
ASIP, with castaneothorax, grandis, and stygia differentiated from the remaining seven 
species (Figure 3.9). The SNP with the highest loading on PC1 is a non-synonymous C/T 
substitution in the second position of a codon near the center of the gene, resulting in an 
amino acid change from serine to leucine (TCG/TTG). Both the zebra finch and the 
outgroup taxon, Lonchura leucosticta, have serine at this site, indicating that the TCG 
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codon is ancestral. The same substitution has been characterized in mice; it results in an 
upregulation of melanocyte stimulating hormone (MSH), causing a darker coat color 
(Robbins et al. 1993). In Lonchura, grandis, stygia, and castaneothorax have the 
ancestral allele, whereas the remaining seven species examined have the derived allele. 
As these seven species exhibit a variety of plumage colors and patterns and are not 
generally darker in color than grandis, stygia, and castaneothorax, it is unclear how this 
substitution may be affecting their coloration. Repeating this analysis with the other 
functional outliers will be an important next step in determining how these loci may be 
affecting phenotype. 
KIT ligand (KITLG) plays a role in the localization of melanocytes. Divergent 
alleles in cis-regulatory regions of KITLG have been associated with lighter coloration in 
sticklebacks (Millet et al. 2007) and paler skin color in humans (Williamson et al. 2007). 
Endothelin 3 (EDN3) is involved in melanocyte development, and contributes to dark 
stripes in felids (Kaelin et al. 2012). In Lonchura, both EDN3 and KITLG are divergent 
between dark-billed and light-billed birds (Figures 3.6 & 3.7). Reduced nucleotide 
diversity in dark-billed birds suggests that this is the derived phenotype, which is 
consistent with the lack of dark bills in other Lonchura outside the focal clade. The 
association of these loci with bill color should be interpreted with caution, as all of the 
island populations, which exhibit widespread genomic similarity, have dark bills. The 
only mainland population with a dark bill is caniceps, which shares the EDN3 and KITLG 
alleles with the island birds. While this is consistent with a role for EDN3 and KITLG in 
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bill coloration, it provides only a single independent example of correlation between 
variation at these loci and bill coloration. 
 The main axes of morphological variation in Lonchura are bill size, body size, 
and plumage color and pattern. Three species—grandis, melaena (but only the New 
Britain population), and forbesi—not only have larger body size than the other species, 
but also much larger bills (see Chapter 1). Only one locus was divergent between these 
four populations and the others, and it is located ~250 kb upstream of cysteine rich 
transmembrane BMP regulator 1 (CRIM1) (Figure 3.8). CRIM1 is a regulator of bone 
morphogenic proteins (BMPs), which induce bone formation. Expression of Bmp4 in the 
mandible during development is correlated will bill size in Darwin’s finches (Abzhanov 
et al. 2004). This makes CRIM1 an intriguing candidate locus for bill size in Lonchura. 
The divergent CRIM1 allele, however, is not found in all individuals from the four large-
billed populations; of the ten individuals sampled from each, the divergent allele was 
found in eight of ten grandis from Milne Bay, nine of ten grandis from Madang, and six 
of ten individuals in both forbesi from New Ireland and melaena from New Britain. 
Surprisingly, nucleotide diversity within the island is higher in in the large-billed birds, 
suggesting that it may be the small-billed populations that have experienced selection at 
this locus. Variation at CRIM1 itself coincided with the overall genomic pattern of 
divergence, separating mainland populations, island populations, and grandis. 
Two notable candidate genes not found to be correlated with phenotype in this 
study are ALX homeobox 1 (ALX1) and bone morphogenic protein 4 (BMP4) which are 
associated with beak shape in Darwin’s finches (Abzhanov et al. 2004, Lamichhaney et 
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al. 2015; Figure 3.10). Besides CRIM1, no other outlier regions separated large- and 
small-beaked populations of Lonchura. 
 Of the islands identified, 21.5% overlapped the predicted positions of 
centromeres. These islands were also more likely to be found in multiple comparisons. 
Elevated divergence at centromeres has been observed in other recently diverged taxa 
(Carniero et al. 2009, Slotman et al. 2006, Stephan & Mitchell 1992), including the two 
species of Ficedula (Ellegren et al. 2012). While elevated divergence in these regions 
may simply be a consequence of reduced recombination, it may facilitate divergence 
between taxa (Carniero et al. 2009, Noor et al. 2001, Stump et al. 2005; but see Noor & 
Bennett 2009). 
 The ~22 million bp putative inversion in the center of the Z chromosome allows 
for some inferences regarding its history in the Lonchura radiation. One variant of the 
inversion is shared among all of the island populations (spectabilis on New Britain, 
forbesi, melaena, and hunsteini) as well as with spectabilis, caniceps, and stygia on 
mainland New Guinea. Assuming that the inversion represents a single mutation event, 
this suggests that all of these species share an ancestral Z chromosome. This variant is 
fixed in all of the populations except for the single population of stygia. This is either the 
result of retained ancestral polymorphism or hybridization. As stygia occurs in sympatry 
with nevermanni, which has a different variant of the inversion, a scenario in which 
nevermanni’s Z chromosome has been passed on to stygia through introgression seems 
most plausible. 
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 Assembly and analysis of entire mitochondrial genomes for the ten Lonchura 
species supported the genetic structure observed at ND2 (see Chapter 2) while giving 
better resolution to the mitochondrial tree (Figure 3.11). The focal species can be divided 
into two mitochondrial clades, with individuals or populations of four species 
(castaneothorax, grandis, melaena, and forbesi) found in both clades. Species occurring 
in sympatry share similar mitochondrial haplotypes in most cases; the biggest exception 
is nevermanni and stygia, which are in separate mitochondrial clades. The three 
populations from Madang Province (grandis, castaneothorax, and spectabilis) also occur 
in different parts of the tree. Madang grandis belongs to a mtDNA subclade that is 
distinct from another population of its own species as well as from populations with 
which it is sympatric. These exceptions, particularly the differences between nevermanni 
and stygia, castaneothorax and spectabilis from Madang, and melaena and the other 
island populations, distinguish mitochondrial genome variation from that of the nuclear 
genome. These differences may be the result of sex-biased introgression. Haldane’s Rule 
posits that when two species hybridize, the heterogametic sex is more likely to have 
reduced fitness (Haldane 1922). In birds, females are the heterogametic sex, so Haldane’s 
Rule predicts that introgression may be male-biased. As mitochondrial DNA is 
maternally inherited, male-biased introgression may preserve differentiation in the 
mitochondrial genome even as the nuclear genome becomes homogenized by gene flow. 
This theory could be tested using experimental crosses and tests of mate preference in 
Lonchura species in captivity.  
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 Heterogeneous patterns of genomic divergence in the Lonchura radiation have 
allowed for the identification of loci that are potentially important in maintaining species 
differences in this group. Substantial introgression has largely homogenized the genomes 
of different Lonchura species, leaving only a few regions that are divergent between 
species. Alleles at these loci occur in varied genomic backgrounds; however, determining 
whether they have originated independently, been shared through introgressive 
hybridization, or represent preserved ancestral variation is made difficult by the complex 
biogeographic history of this group. The Lonchura radiation presents a very different 
conception of species and speciation than the traditional allopatric model of gradual, 
genome-wide divergence in isolation. Instead, the data support a model of initial 
divergence in allopatry with subsequent gene flow, and suggest that only a small portion 
of the genome must be differentiated in order to maintain species boundaries.  
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TABLES AND FIGURES 
Table 3.1. Populations compared in sliding window analyses to identify islands of 
divergence. The numbers in the first column correspond to the comparisons in Table 3.2. 
* = outlier density threshold lowered to 0.0004. 
 Population 1 Population 2 # Individuals # Islands (Autosomes) # Islands (Z) 
1 castWA flavWA 10/10 5 5* 
2 castCE caniCE 10/9 19 23 
3 flavWA neveTF 10/10 1 8* 
4 castMD specMD 10/10 3 5 
5 neveTF stygTF 10/10 9 11 
6 specNB melaNB 10/10 18 4 
7 melaNI hunsNI 7/10 7 2 
8 dark bills pale bills 109/66 17 7 
9 large bills small bills 40/148 15 1 
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Table 3.2. Genomic regions correlated with phenotype and/or identified in more than one 
population comparison. Genetic structure at these regions is summarized in Figure 3.2. 
Chr = chromosome. Cen = overlaps the predicted position of a centromere. Numbers for 
comparisons are listed in Table 3.1. 
Island Chr Start End Size Cen Comparisons 
ASIP chr20 1742000 2086000 344000  1, 2, 5, 8 
CRIM1 chr3 34916000 35118000 202000  9 
EDN3 chr20 11978000 12050000 72000  2 
KITLG chr1A 42128000 42558000 430000  2, 8 
MC1R chr11 11639958 11651958      -  none 
chr1_97.5 chr1 97556000 98756000 1200000 x 2, 5 
chr1_97.9 chr1 97948000 98520000 572000 x 8, 9 
chr2_77.9 chr2 77904000 81214000 3310000 x 2, 9 
chr5_0.7 chr5 70000 6928000 6858000 x 1, 2, 3, 4 
chr6_30.3 chr6 30374000 30556000 182000  2, 4 
chr7_29.4 chr7 29458000 29518000 60000  1, 7 
chr19_0.6 chr19 65000 768000 703000 x 5, 6 
chr20_0.1 chr20 122000 350000 228000 x 2, 8 
chr24_3.8 chr24 3864000 4272000 408000  5, 6 
chr26_2.9 chr26 2900000 3124000 224000  2, 7 
chrZ_22.2 chrZ 22292000 22624000 332000 x 2, 4 
chrZ_23.3 chrZ 23322000 23526000 204000 x 2, 4 
chrZ_48.1 chrZ 48124000 48206000 82000  5, 8 
chrZ_48.9 chrZ 48966000 49042000 76000  1, 5 
chrZ_51.4 chrZ 51402000 51574000 172000  2, 4 
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Figure 3.1. The number of islands of divergence identified on each autosome as a 
function of chromosome length. The chromosome with the highest proportion of islands 
to its length is chromosome 3. R2 = 0.6659.  
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Figure 3.2. Variation in genetic structure of various loci. Each box represents a 
population at a locus. Boxes are color-coded to reflect genetic structure at that locus as 
revealed by Principal Components Analysis. Red, yellow, and blue indicate distinct 
genetic groupings. Purple boxes indicate genotypes that are intermediate between red and 
blue groups. Divided boxes indicate populations that are polymorphic at a locus.  	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Figure 3.3. Density of outlier SNPs in 10,000 bp sliding window analyses across the autosomes in nine comparisons. The y-
axis ranges from 0 to 0.005 (50 outlier SNPs in 10,000 bp). Chromosomes are in order from left to right, alternately shaded. 
The locations of four loci of interest (KITLG, CRIM1, ASIP, and EDN3) are marked with arrows.
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Figure 3.4. FST (black) and relative nucleotide diversity (blue) surrounding ASIP (dotted 
grey box) in the four comparisons that were divergent at this locus: castaneothorax vs. 
flaviprymna from Western Australia, castaneothorax vs. caniceps from Central Province, 
nevermanni vs. stygia from the Trans-Fly, and pale-billed vs. dark-billed populations.  
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Figure 3.5. Plot of the first two principal components of a PCA run on the 344,000 bp 
island containing ASIP. Colors are as in Figure A.1. Shapes indicate localities. Australia 
= square, Madang Province = diamond, Milne Bay and Central Provinces = circle, New 
Britain = inverted triangle, New Hanover = circle, New Ireland = square, Trans-Fly 
(Western Province) = triangle. 
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Figure 3.6. Divergence at KITLG between dark- and pale-billed birds. (A) 10,000 bp sliding window 
analysis. Top panel: relative nucleotide diversity of pale-billed/dark-billed birds across 2 million bp of 
chr1A. Middle panel: average FST (green line) and proportion (red) and density (blue) of outlier SNPs in 
each window. Bottom panel: proportion (red) and density (blue) of fixed SNPs in each window. (B) Plot of 
the first two principal components of a PCA run on the 430,000 bp island containing KITLG. Colors are as 
in Figure A.1. Shapes are as in Figure 3.4. Birds with pale and dark bills are divergent at this locus. Photos 
are L. caniceps (dark bill) and L. nevermanni (pale bill). 
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Figure 3.7. Divergence at EDN3 between dark- and pale-billed birds. (A) 10,000 bp sliding window 
analysis. Top panel: relative nucleotide diversity of pale-billed/dark-billed birds across 250 kb of chr20. 
Middle panel: average FST (green line) and proportion (red) and density (blue) of outlier SNPs in each 
window. Bottom panel: proportion (red) and density (blue) of fixed SNPs in each window. (B) Plot of the 
first two principal components of a PCA run on the 72,000 bp island containing EDN3. Birds with pale and 
dark bills are divergent at this locus. Colors are as in Figure A.1. Shapes are as in Figure 3.4. Photos are L. 
caniceps (dark bill) and L. nevermanni (pale bill). 
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Figure 3.8. Divergence upstream of CRIM1 between large- and small-billed birds. (A) 10,000 bp sliding 
window analysis. Top panel: relative nucleotide diversity of small-billed/large-billed birds across 1.6 
million bp of chr3. Middle panel: average FST (green line) and proportion (red) and density (blue) of outlier 
SNPs in each window. Bottom panel: proportion (red) and density (blue) of fixed SNPs in each window. 
(B) Plot of the first two principal components of a PCA run on the 202,000 bp island upstream of CRIM1. 
Colors are as in Figure A.1. Shapes are as in Figure 3.4. Note that while all of the birds on the right side of 
the graph have large bills, some large-billed birds remain grouped with the remaining individuals on the 
left: 2 grandis from Milne Bay, 1 grandis from Madang, and four each of melaena from New Britain and 
forbesi from New Ireland. Photos are L. grandis (large bill) and L. nevermanni (small bill). 
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Figure 3.9. Plot of the first two principal components of a PCA run on a 12,000 bp 
region containing MC1R. Colors are as in Figure A.1. Shapes indicate localities. Australia 
= square, Madang Province = diamond, Milne Bay and Central Provinces = circle, New 
Britain = inverted triangle, New Hanover = circle, New Ireland = square, Trans-Fly 
(Western Province) = triangle. 
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Figure 3.10. Plot of the first two principle components of two candidate loci that were 
not associated with phenotypic traits: ALX1 (top) and BMP4 (bottom). Colors are as in 
Figure A.1. Shapes indicate localities. Australia = square, Madang Province = diamond, 
Milne Bay and Central Provinces = circle, New Britain = inverted triangle, New Hanover 
= circle, New Ireland = square, Trans-Fly (Western Province) = triangle. 
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Figure 3.11. Average FST and proportion and density of 
outlier SNPs on the Z chromosome in two comparisons 
with different variants of the putative inversion 
(castaneothorax vs. caniceps from Central Province and 
castaneothorax vs. spectabilis from Madang Province) and two comparisons with similar 
variants (spectabilis vs. melaena from New Britain and melaena vs. hunsteini from New 
Ireland). 
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Figure 3.12. Graph of the first two principal components of a PCA run on ddRAD-seq loci from outside 
(top) and inside (bottom) the putative Z chromosome inversion. Note the change in position of caniceps, 
spectabilis, and stygia. Colors are as in Figure A.1. Shapes indicate localities. Australia = square, Madang 
Province = diamond, Milne Bay and Central Provinces = circle, New Britain = inverted triangle, New 
Hanover = circle, New Ireland = square, Trans-Fly (Western Province) = triangle. 
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Figure 3.13. Mitochondrial genome phylogeny of 177 birds from 18 populations and one 
potential hybrid. The thickness of terminal branches is proportional to the number of 
individuals at that site on the tree. Bayesian posterior probabilities are shown for all 
nodes with less than 98% probability. Colors are as in Figure A.1. 	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APPENDIX 
Table A.1. Basal divergence in recent avian radiations. 
Genus Species in 
clade* 
Basal divergence Reference 
Larus 1 18 1.2%1 Pons et al. 2005 
Lonchura 12 1.2%2 This study 
Anas 13 1.3%2 Johnson & Sorenson 1999 
Larus 2 8 1.4%2 Given et al. 2005 
Sporophila 9 1.5%3 Campagna et al. 2010 
Vidua 10 1.7%2 Sorenson et al. 2004 
Pyrrhua 10 1.8%1 Ribas et al. 2006 
Buteo ~11 2.3%2 Riesing et al. 2003 
Geospiza 14 2.9%1 Petren et al. 2005 
Puffinus ~15 3.9%1 Austin et al. 2004 
*not entire genus; 1: cyt b, 2: ND2, 3: COI 
 
Table A.2: Individuals included in analyses. PAU = Pacific Adventist University; 
Dataset 1 = morphology and coloration, Dataset 2 = mitochondrial ND2 sequence, 
Dataset 3 = RAD-Seq, Dataset 4 = Nextera whole-genome sequencing; Countries: A = 
Australia, I = Indonesia, PNG = Papua New Guinea; ANSP = Academy of Natural 
Sciences Philadelphia, ANWC = Australian National Wildlife Collection, CAS = 
California Academy of Sciences, CSIRO = the Commonweath Scientific and Industrial 
Research Organization, Australia; FMNH = Field Museum of Natural History, KUNHM 
= Kansas University Natural History Museum, PA = private aviary, SMNH = Swedish 
Museum of Natural History; UMMZ = University of Michigan Museum of Zoology, 
UWBM = University of Washington Burke Museum, WAM = Western Australian 
Museum, YPM = Yale Peabody Museum, ZMUC = Zoological Museum, University of 
Copenhagen.  
Sample Species State/Province Locality Museum Datasets 
A1153 teer captive captive UMMZ 2 
A1269 teer captive captive UMMZ 2 
A1976 quin Timor Kupang UMMZ 2 
B29859 cast Queensland Wenlock River ANWC 2, 3, 4 
B29860 cast Queensland Wenlock River ANWC 2, 3, 4 
B29861 cast Queensland Wenlock River ANWC 2, 3, 4 
B29890 cast Queensland Wenlock River ANWC 2, 3, 4 
B30153 quin E. Timor Lautem ANWC 2 
B30208 quin E. Timor Lautem ANWC 2 
B30214 quin E. Timor Lautem ANWC 2 
B37051 cast Queensland Malanda ANWC 2 
B40977 cast N. South Wales Taree ANWC 2 
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B40978 cast N. South Wales Taree ANWC 2 
B44207 cast Queensland Shoalwater Bay ANWC 2, 3, 4 
B44307 cast Queensland Shoalwater Bay ANWC 2, 3, 4 
B51690 cast Queensland Kowanyama ANWC 2, 3, 4 
B52287 cast Queensland Ingham ANWC 2, 3, 4 
B52289 cast Queensland Ingham ANWC 2, 3, 4 
B52293 cast Queensland Julatten ANWC 2, 3 
CAS90081 quin captive captive CAS 2 
CMK001 mela W. New Britain Numundo - 1, 2, 3 
CMK002 mela W. New Britain Numundo - 1, 2, 3 
CMK003 mela W. New Britain Numundo - 1, 2, 3 
CMK004 mela W. New Britain Numundo - 1, 2, 3 
CMK005 mela W. New Britain Haella - 1, 2, 3 
CMK006 mela W. New Britain Haella - 1, 2, 3 
CMK007 mela W. New Britain Numundo - 1, 2, 3 
CMK008 mela W. New Britain Numundo - 1, 2, 3 
CMK009 spec E. New Britain Kokopo - 1, 2 
CMK010 spec E. New Britain Kokopo - 1, 2, 3 
CMK011 spec E. New Britain Kokopo - 1, 2, 3 
CMK012 spec E. New Britain Kokopo - 1, 2, 3 
CMK013 spec E. New Britain Kokopo - 1, 2, 3 
CMK014 spec E. New Britain Butuwin - 1, 2, 3 
CMK015 spec E. New Britain Butuwin - 1, 2, 3 
CMK016 spec E. New Britain Butuwin - 1, 2, 3 
CMK017 mela New Ireland Malom - 1, 2, 3, 4 
CMK018 huns New Ireland Kopkop - 1, 2, 3, 4 
CMK019 huns New Ireland Kopkop - 1, 2, 3, 4 
CMK020 huns New Ireland Kopkop - 1, 2, 3, 4 
CMK021 huns New Ireland Kopkop - 1, 2, 3, 4 
CMK022 huns New Ireland Taskul - 1, 2, 3, 4 
CMK023 huns New Ireland Taskul - 1, 2, 3, 4 
CMK024 huns New Ireland Taskul - 1, 2, 3, 4 
CMK025 huns New Ireland Taskul - 1, 2, 3, 4 
CMK026 forb New Ireland Namatanai - 1, 2, 3 
CMK027 forb New Ireland Namatanai - 1, 2, 3 
CMK028 forb New Ireland Namatanai - 1, 2, 3 
CMK029 forb New Ireland Namatanai - 1, 2, 3 
CMK030 forb New Ireland Namatanai - 1, 2, 3 
CMK031 forb New Ireland Namatanai - 1, 2, 3 
CMK032 forb New Ireland Namatanai - 1, 2, 3 
CMK033 forb New Ireland Namatanai - 1, 2, 3 
CMK034 forb New Ireland Namatanai - 1, 2, 3 
F309877 quin Timor unknown FMNH 2 
JSB001 cast Milne Bay Garuahi - 1, 2, 3 
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JSB002 cast Milne Bay Garuahi - 1, 3, 4 
JSB003 cast Milne Bay Garuahi - 1, 2, 3 
JSB004 cast Milne Bay Garuahi - 1, 2, 3 
JSB005 cast Milne Bay Garuahi - 1, 2, 3, 4 
JSB006 cast Milne Bay Giligili - 1, 2, 3 
JSB007 cast Milne Bay Giligili - 1, 2, 3, 4 
JSB008 cast Milne Bay Giligili - 1, 2, 3 
JSB009 gran Milne Bay Giligili - 1, 2, 3 
JSB010 cast Milne Bay Giligili - 1, 2, 3, 4 
JSB011 gran Milne Bay Giligili - 1, 2, 3 
JSB012 gran Milne Bay Giligili - 1, 2, 3 
JSB013 gran Milne Bay Giligili - 1, 2, 3, 4 
JSB014 gran Milne Bay Giligili - 1, 2, 3, 4 
JSB015 gran Milne Bay Giligili - 1, 2, 3 
JSB016 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS001 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS002 flav Western Australia Kununurra - 1, 2, 4 
KFS003 flav Western Australia Kununurra - 2, 3, 4 
KFS004 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS005 cast Western Australia Kununurra - 1, 2, 3 
KFS006 cast Western Australia Kununurra - 1, 2, 3 
KFS007 cast Western Australia Kununurra - 1, 2, 3 
KFS008 flav Western Australia Kununurra - 1, 2, 3 
KFS009 cast Western Australia Kununurra - 2 
KFS010 flav Western Australia Kununurra - 1, 2, 3 
KFS011 flav Western Australia Kununurra - 1, 2, 3 
KFS012 flav Western Australia Kununurra - 1, 2, 3 
KFS013 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS014 flav Western Australia Kununurra - 1, 2 
KFS015 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS016 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS017 flav Western Australia Kununurra - 1, 2, 3 
KFS018 flav Western Australia Kununurra - 1, 2, 3 
KFS019 flav Western Australia Kununurra - 1, 2, 3 
KFS020 flav Western Australia Kununurra - 1, 2, 3 
KFS021 flav Western Australia Kununurra - 1, 2, 3 
KFS022 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS023 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS024 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS025 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS026 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS027 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS028 flav Western Australia Kununurra - 1, 2, 3, 4 
KFS029 cast Western Australia Kununurra - 1, 2, 3 
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KFS030 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS031 cast Western Australia Kununurra - 1, 3 
KFS032 cast Western Australia Kununurra - 1, 2, 3 
KFS033 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS034 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS035 cast Western Australia Kununurra - 1, 2, 4 
KFS036 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS037 cast Western Australia Kununurra - 1, 2, 3, 4 
KFS038 cast Western Australia Kununurra - 1, 2, 3 
KFS039 cast Western Australia Kununurra - 1, 2, 3 
KFS040 cast Western Australia Kununurra - 1, 2, 3 
KFS041 cast Milne Bay Garuahi - 1, 2, 3, 4 
KFS042 cast Milne Bay Garuahi - 1, 2, 3 
KFS043 cast Milne Bay Garuahi - 1, 2, 3, 4 
KFS044 cast Milne Bay Garuahi - 1, 2, 3, 4 
KFS045 cast Milne Bay Garuahi - 1, 2, 3 
KFS046 cast Milne Bay Garuahi - 1, 2, 3, 4 
KFS047 cast Milne Bay Garuahi - 1, 2, 3, 4 
KFS048 cast Milne Bay Giligili - 1, 2, 3 
KFS049 cast Milne Bay Giligili - 1, 2, 3 
KFS050 cast Milne Bay Giligili - 1, 2, 3, 4 
KFS051 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS052 cast Milne Bay Giligili - 1, 2, 3 
KFS053 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS054 gran Milne Bay Giligili - 2, 3 
KFS055 gran Milne Bay Giligili - 1, 2, 3 
KFS056 gran Milne Bay Giligili - 1, 2, 3 
KFS057 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS058 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS059 gran Milne Bay Giligili - 1, 2, 3 
KFS060 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS061 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS062 gran Milne Bay Giligili - 1, 2, 3, 4 
KFS063 gran Milne Bay Giligili - 1, 2, 3 
KFS064 gran Milne Bay Giligili - 1, 2, 3 
KFS065 gran Madang Alexishafen - 1, 2, 3, 4 
KFS066 gran Madang Alexishafen - 1, 2, 3, 4 
KFS067 gran Madang Alexishafen - 1, 2, 3, 4 
KFS068 gran Madang Alexishafen - 1, 2, 3, 4 
KFS069 cast Madang New Tribes - 1, 2, 3, 4 
KFS070 cast Madang New Tribes - 1, 2, 3, 4 
KFS071 gran Madang New Tribes - 1, 2, 3, 4 
KFS072 gran Madang New Tribes - 1, 2, 3, 4 
KFS073 cast Madang New Tribes - 1, 2, 3, 4 
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KFS074 cast Madang New Tribes - 1, 2, 3, 4 
KFS075 gran Madang New Tribes - 1, 2, 3, 4 
KFS076 gran Madang New Tribes - 1, 2, 3, 4 
KFS077 gran Madang New Tribes - 1, 2, 3, 4 
KFS078 cast Madang New Tribes - 1, 2, 3, 4 
KFS079 cast Madang New Tribes - 1, 2, 3, 4 
KFS080 cast Madang New Tribes - 1, 2, 3, 4 
KFS081 cast Madang New Tribes - 1, 2, 3, 4 
KFS082 cast Madang New Tribes - 1, 2, 3, 4 
KFS083 cast Madang New Tribes - 1, 2, 3, 4 
KFS084 cast Madang New Tribes - 1, 2, 3 
KFS085 cast Madang New Tribes - 1, 3 
KFS086 cast Madang New Tribes - 1, 2, 3 
KFS087 cast Madang New Tribes - 1, 2, 3 
KFS088 gran Madang New Tribes - 1, 2, 3, 4 
KFS089 gran Madang New Tribes - 1, 2, 3 
KFS090 cast Madang New Tribes - 1, 2, 3 
KFS091 cast Madang New Tribes - 1, 2, 3 
KFS092 cast Madang New Tribes - 1, 2, 3 
KFS093 cast Madang New Tribes - 1, 2, 3 
KFS094 spec Madang Wanjudum - 1, 2, 3, 4 
KFS095 spec Madang Wanjudum - 1, 2, 3, 4 
KFS096 spec Madang Wunding - 1, 2, 3, 4 
KFS097 spec Madang Wunding - 1, 2, 3, 4 
KFS098 spec Madang Wunding - 1, 2, 3, 4 
KFS099 spec Madang Wunding - 1, 2, 3, 4 
KFS100 spec Madang Wunding - 1, 2, 3, 4 
KFS101 spec Madang Wunding - 1, 2, 3, 4 
KFS102 spec Madang Wunding - 1, 2, 3, 4 
KFS103 spec Madang Wunding - 1, 2, 3, 4 
KFS104 spec Madang Wunding - 1, 2, 3 
KFS105 spec Madang Wunding - 1, 2, 3 
KFS106 spec Madang Wunding - 1, 2, 3 
KFS107 spec Madang Wunding - 1, 2, 3 
KFS108 cast Central PAU - 1, 2, 3 
KFS109 hybrid Central PAU - 1, 2, 3, 4 
KFS110 cani Central PAU - 1, 2, 3 
KFS111 cast Central PAU - 1, 2, 3 
KFS112 cast Central PAU - 1, 2, 3, 4 
KFS113 cast Central PAU - 1, 2, 3, 4 
KFS114 cast Central PAU - 1, 2, 3 
KFS115 cast Central PAU - 1, 2, 3 
KFS116 cast Central PAU - 1, 2, 3 
KFS117 cast Central PAU - 1, 2, 3 
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KFS118 cast Central PAU - 1, 2, 3, 4 
KFS119 cast Central PAU - 1, 2, 3 
KFS120 cast Central PAU - 1, 2, 3 
KFS121 cani Central PAU - 1, 2, 3, 4 
KFS122 cani Central PAU - 1, 2, 3 
KFS123 cani Central PAU - 1, 2, 3, 4 
KFS124 cani Central PAU - 1, 2, 3, 4 
KFS125 cani Central PAU - 1, 2, 3, 4 
KFS126 cani Central PAU - 1, 2, 3 
KFS127 cast Central PAU - 1, 2, 3, 4 
KFS128 cast Central PAU - 1, 2, 3, 4 
KFS129 cast Central PAU - 1, 2, 3 
KFS130 cast Central PAU - 1, 2, 3, 4 
KFS131 cast Central PAU - 1, 2, 3, 4 
KFS132 cast Central PAU - 1, 2, 3, 4 
KFS133 cast Central PAU - 1, 2, 3, 4 
KFS134 cani Central Crystal Rapid - 1, 2, 3, 4 
KFS135 cani Central PAU - 1, 2, 3, 4 
KFS136 cani Central PAU - 1, 2, 3, 4 
KFS137 cani Central PAU - 1, 2, 3 
KFS138 cani Central PAU - 1, 2, 3, 4 
KFS139 cani Central PAU - 1, 2, 3 
KFS140 mela W. New Britain Numundo - 1, 2, 3, 4 
KFS141 mela W. New Britain Numundo - 1, 2, 3, 4 
KFS142 mela W. New Britain Numundo - 1, 2, 3, 4 
KFS143 mela W. New Britain Numundo - 1, 2, 3, 4 
KFS144 mela W. New Britain Numundo - 1, 2, 3, 4 
KFS145 mela W. New Britain Numundo - 1, 2, 3, 4 
KFS146 mela W. New Britain Haella - 1, 2, 3, 4 
KFS147 mela W. New Britain Haella - 1, 2, 3, 4 
KFS148 mela W. New Britain Haella - 1, 2, 3, 4 
KFS149 mela W. New Britain Haella - 1, 2, 3, 4 
KFS150 mela W. New Britain Numundo - 1, 2 
KFS151 mela W. New Britain Numundo - 1, 2, 3 
KFS152 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS153 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS154 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS155 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS156 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS157 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS158 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS159 spec E. New Britain Kokopo - 1, 2, 3, 4 
KFS160 spec E. New Britain Butuwin - 1, 2, 3, 4 
KFS161 spec E. New Britain Butuwin - 1, 2, 3, 4 
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KFS162 spec E. New Britain Butuwin - 1, 2, 3 
KFS163 spec E. New Britain Butuwin - 1, 2, 3 
KFS164 mela New Ireland Malom - 1, 2, 3, 4 
KFS165 huns New Ireland Kopkop - 1, 2, 3, 4 
KFS166 huns New Ireland Kopkop - 1, 2, 3, 4 
KFS167 huns New Ireland Kopkop - 1, 2, 3, 4 
KFS168 huns New Ireland Kopkop - 1, 2, 3, 4 
KFS169 huns New Ireland Kopkop - 1, 2, 3, 4 
KFS170 huns New Ireland Kopkop - 1, 2, 3, 4 
KFS171 huns New Ireland Taskul - 1, 2, 3, 4 
KFS172 huns New Ireland Taskul - 1, 2, 3, 4 
KFS173 huns New Ireland Taskul - 1, 2, 3, 4 
KFS174 huns New Ireland Taskul - 1, 2, 3, 4 
KFS175 huns New Ireland Taskul - 1, 2, 3, 4 
KFS176 huns New Ireland Taskul - 1, 2, 3, 4 
KFS177 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS178 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS179 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS180 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS181 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS182 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS183 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS184 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS185 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS186 forb New Ireland Namatanai - 1, 2, 3, 4 
KFS187 forb New Ireland Namatanai - 1, 2, 3 
KFS188 mela New Ireland Malom - 1, 2, 3, 4 
KFS189 mela New Ireland Malom - 1, 2, 3, 4 
KFS190 neve Western Obo - 1, 2, 3, 4 
KFS191 neve Western Obo - 1, 2, 3, 4 
KFS192 styg Western Lake Owa - 1, 2, 3, 4 
KFS193 styg Western Lake Owa - 1, 2, 4 
KFS194 styg Western Lake Owa - 1, 2, 3, 4 
KFS195 styg Western Lake Owa - 1, 2, 3, 4 
KFS196 neve Western Lake Owa - 1, 2, 3, 4 
KFS197 styg Western Lake Owa - 1, 2, 3, 4 
KFS198 styg Western Lake Owa - 1, 2, 3, 4 
KFS199 styg Western Lake Owa - 1, 2, 3, 4 
KFS200 neve Western Obo - 1, 2, 3, 4 
KFS201 neve Western Obo - 1, 2, 3, 4 
KFS202 neve Western Obo - 1, 2, 3, 4 
MAD031 spec Madang Wanjudum - 3 
MAD032 spec Madang Wanjudum - 3 
MAD036 spec Madang Wanjudum - 3 
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MAD037 spec Madang Wanjudum - 3 
MDS101 neve Western Obo - 1, 2, 3, 4 
MDS102 neve Western Obo - 1, 2, 3, 4 
MDS103 neve Western Obo - 1, 2, 3, 4 
MDS104 neve Western Obo - 1, 2, 3, 4 
MDS105 neve Western Obo - 1, 2, 3 
MDS106 neve Western Obo - 1, 2, 3 
MDS107 neve Western Obo - 1, 3 
MDS108 neve Western Obo - 1, 2, 3 
MDS109 styg Western Lake Owa - 1, 2, 3, 4 
MDS110 styg Western Lake Owa - 1, 2, 3, 4 
MDS111 styg Western Lake Owa - 1, 2, 3, 4 
MDS112 styg Western Lake Owa - 1, 2, 3 
MDS113 styg Western Lake Owa - 1, 2, 3 
MDS114 styg Western Lake Owa - 1, 2, 3 
MDS115 styg Western Lake Owa - 1, 2, 3 
MDS116 styg Western Lake Owa - 1, 2, 3 
MDS117 styg Western Lake Owa - 1, 2, 3 
MDS118 styg Western Lake Owa - 1, 2, 3 
MDS119 styg Western Lake Owa - 1, 2, 3 
MDS120 styg Western Lake Owa - 1, 2, 3 
MDS121 styg Western Lake Owa - 1, 2, 3 
MDS122 neve Western Obo - 1, 2, 3 
MDS123 neve Western Obo - 1, 2, 3 
MDS124 neve Western Obo - 1, 2, 3 
MDS125 neve Western Obo - 1, 2, 3 
MDS126 neve Western Obo - 1, 3 
MDS127 neve Western Obo - 1, 2, 3 
NIR001 mela New Ireland Malom - 2, 3 
NIR002 mela New Ireland Malom - 2, 3, 4 
NIR003 mela New Ireland Malom - 2, 3 
NIR004 mela New Ireland Malom - 2, 3 
NIR005 mela New Ireland Malom - 2, 3 
NIR006 mela New Ireland Malom - 2, 3 
NIR007 huns New Ireland Kopkop - 3 
NIR008 huns New Ireland Kopkop - 3 
NIR009 huns New Ireland Kopkop - 3 
NIR011 huns New Ireland Kopkop - 3 
NIR012 huns New Ireland Kopkop - 3 
NIR013 huns New Ireland Kopkop - 3 
NIR019 huns New Ireland Kopkop - 3 
NIR021 huns New Ireland Kopkop - 3 
NIR022 huns New Ireland Kopkop - 3 
NIR023 huns New Ireland Taskul - 3 
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NIR024 huns New Ireland Taskul - 3 
NIR025 huns New Ireland Taskul - 3 
NIR026 huns New Ireland Taskul - 3 
NIR027 huns New Ireland Taskul - 3 
NIR028 huns New Ireland Taskul - 3 
NIR029 huns New Ireland Taskul - 3 
NIR030 huns New Ireland Taskul - 3 
NIR031 huns New Ireland Taskul - 3 
NIR032 huns New Ireland Taskul - 3 
NIR061 mela New Ireland Malom - 2, 3, 4 
NIR062 mela New Ireland Malom - 2, 3, 4 
NIR063 mela New Ireland Malom - 2, 3 
SC01 teer captive captive PA 2 
SC02 teer captive captive PA 2 
TPS001 gran Madang Alexishafen - 1, 2, 3 
TPS002 gran Madang New Tribes - 1, 2, 3 
TPS003 gran Madang New Tribes - 1, 2, 3 
TPS004 gran Madang New Tribes - 1, 2, 3 
TPS005 gran Madang New Tribes - 1, 2, 3 
TPS006 gran Madang New Tribes - 1, 2, 3 
TPS007 cast Madang New Tribes - 1, 2, 3 
TPS008 cast Madang New Tribes - 1, 2, 3 
TPS009 gran Madang New Tribes - 1, 2, 3 
TPS010 gran Madang New Tribes - 1, 2, 3 
TPS011 gran Madang New Tribes - 1, 2, 3 
TPS012 spec Madang Wanjudum - 1, 2, 3 
TPS013 spec Madang Wunding - 1, 2, 3 
TPS014 cani Central PAU - 1, 2, 3 
TPS015 cani Central PAU - 1, 2, 3 
TPS016 cani Central PAU - 1, 2, 3 
TPS017 cani Central PAU - 1, 2, 3 
TPS018 cani Central PAU - 1, 2, 3 
TPS019 cani Central PAU - 1, 2, 3, 4 
TPS020 cani Central PAU - 1, 2, 3 
TPS021 cast Central PAU - 1, 2, 3 
TPS022 cast Central PAU - 1, 2, 3, 4 
76181 quin captive captive UWBM 2 
B56389 leuc Western Bensbach River WAM 4 
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Figure A.1. Preliminary mitochondrial phylogeny of the genus Lonchura and 
approximate geographic distributions of the 12 Lonchura species in the rapid radiation. 
Note that most of these species are not monophyletic for mtDNA (see Chapters 2 & 3). 
Bird images are from Clement (1999). 	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